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FOREWORD 

Bv B<)j^F3itT A. IL^iDPIkld, Bt., F.lt.S., Etc. 

The study of iron and its allf)ys is, forl^iiany reasons, 
of groat intorost^and iiuport;uK“ 0 , oiio of Biom 
bc'iiijc on the score of c(*oiiom»r. Xt may sc(iin slrangi* 
itiat an alloy sleel, althouf^i dearer in fii'fjt cost, is 
generally (dieaper in lJ*je end Uuif,n ordinary ste<il. 
Moriiover, quile receniTy one of our W(‘ll*known* 
geologists, Professor J. W. (Irt'gory, stilted 

that if the yearljr consumption of iron and sti'cl 
went on increasing in the same rafio as was the case 
up to tlie time of the outbreak of war, then the world’s 
supply of iron ores would jirobably be exhausted in 
the comparative!/short period of about IMO to l5o 
yearii;. It is true that tliis doci^ not immeciiately 
concern the present generation, but. if the statermuit 
is correct-—and the subject has been carefully c(»i- 
sidered—the time wifhin whjcli iron ores will become 
cxliausted is jnuch ttio near to JiMlregai-ifcd as ph'asant. 
Besides, too, we of to-day are to some extent stewards 
for the future. 

I'he urgency of economy in the case of iion, for 
example, by studying methods #to avoid loss by 
corrosion or rusting is illust rated by tiic accompanying 
^diagram (h^g. A), whitih 1 haw had prepared showing 
the world’s annual production of pig iroii^from 1800 
to 1922, together with the yearV wastage of iron 
and steel d.ue to corrosion. It will be seen that the 
am^iunt of iron and steel gping out of use in 1921 was 
almost^as.great as the quantity of pig iron estimated 
vii 
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to liavc Dc*en*madc in that year. \Vliilsi much of 
this is rc'coverable as scrap, tiie various fonns of 
oxidation involve a very largt; eoinplete loss each year. 
I In this connection, special steels are of particular 
importance, becauscs by their aid the consuMip^ion 



Fio. A.—Dia6ram Showing' the Would’s Pboduction oi 
Pro Ikon from 1860 to 1922, ano the Annual Wastaoe o* 
Iron and Steel Rendered Unbervioeable by the Effects 
-IP Corrosion. 

of the metal iron is r^uced in quantity. For ex¬ 
ample, on^ ton of my maAganese steel will do the 
work of about^en tins of ordinary iron or steel, owing 
to its increase durability and other qualities. In the 
same way, as regards my invention of low hystei^sis 
steel, a ton of this steel is worth many .tiq^es the 
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w<‘ighl of .steel foriiierjy used for siijiilar el(icirieal 
j[>uri3(jse.s. Jn fact, but for this important improve- 
ment, it would to-day luj imjiossiblo to construct 
transformers, d ynamos, and other elect rical macliincry 
an^Pimratus of the present- eific/ient type.s. Moreover, 
man^ (^f the miW sp(‘cial steels have resulted largely 
fiH^m the ta(!^s obtained* by my dis(iovery and inven¬ 
tion of manganese steel in 18S2. TliiPled to human 
a(;tfviyes at on(;e being turned towards and foi.^ised 
uiKsn tliis fascinating field of research. 

As quit,e recently statt^l one of Amerfi^a’s well- 
known metallurgists, ]V^r. II. Dj Hibbard; “ Thp 
discovery, as the result of systeiixitic research, of a 
metal having sucli unique pioperties as ^lie Hadfleld 
manganescj stf-el, starjed other steel-makers to see 
whether additional useful alloys <^ould not be found. 
As a result of these activities, wliich eventually 
exlended throughout the civilized world, many alloy 
steels have been developcnl of the highest iir^)ortance, 
tfius*advancing materially the ubijful arts, an^ par¬ 
ticularly the conquest of distance on land, in tlie air, 
and under the sea.” » 

In 1888, the late*^ Professor Ploris *Osmond, the 
well-known J^Vendf metallurgist, exj^ressed a still 
stronger opinion when lie stated: “ The Hadfleld 
discovery and invention of manganese steel was 
not' only the discovery of a new alloy, curious, of 
great scientific value, and yet usefid» but in the history 
of the metallmgy of iron it yanked as a discovery 
^equal in importance to that o&the effect of'quenching 
carbon steel, and was thd only one of the |ame order 
which it liad been reserved for ^ur age to make.” 
Dr. J. B. ^tead, F.R.S., also said Hadfleld haA 
surprised the whole metallurgical world with the 
results c,pbjbained. The material produced was one 
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of the most marvellous ever brought before the 
public.” 

The results of my ea-rly researches necessitated 
and led to the development of important new labora¬ 
tory methods and practice, increased inter^st^ in 
metallography, accurate determination of high tem¬ 
peratures by pyrometers, better means of nfechanicar 
testing, and otAier advances. 

I have given the writer of tliis primer pornyssion 
to draw freely upon therfacts set fortli in tlie many 
papers, addresses, and other confributions I have 
^tten in connection with dUoy st-eels and kindred 
•ubjocts. A table <jf them is shown in Appendix II, 
and includes^ very complete correlated studies upon 
alloys of iron with manganes^, silicoh, aluminium, 
chromium, nickel,* i^ungsten, cobalt, molybtlenum, 
copper, titanium, and other elements. 

The most important of all elements in its effect upon 
irbn is carbon, whether in a simple carbon steel or 
in allo^ steels ; m«fact, I (xinsidcr that carbon i^/»el, 
although technically a compound of a metarwith a 
noei-metallic element, can also be considered an alloy 
—the most important iron alloV extant. All steels 
are really allo/steels.t J?he addition of other elements 
as well as carbon,' mahes them of binary, ternary, 
quaternary,*or even more tsomplex types. 

The researches and studies I haye carried out 
can correctly be penned ” correlated ” ones. The 
importance of this met^^od of study has been strongly 
emphasized by my fripnd, Professor J. 0. Arnold, 
F.B.S. practically ah* of my researches the 
examination has iiyeredL and described methods of 
r^ufacture*; chemical composition and analysis; 
preparations of'the matei^ial as cast, also as noyed, 
forged, hammered, or pressed; heat tre^m^t j 
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mechanical qualities, including elasi^pity, tenacity, 
elongation, shock qualities ; hardness tests ; micro- 
structure ; electrical and magnetic qualities, including 
permeability and * resistance ; heat conductivity ;, 
resi^tvice tt) corrosion r.nd erosion; also other 
qualities. To understand a now steel alloy tho- 
'roughly, *it is necessal-y to obtain practically all 
this information. It will be seen, therefore, how 
ne<ses|ary it is to call in the aid of scientists of dilTarent 
branches of knowledge, including those representing 
geology, chemistry, jihysics^ engineering, electricity, 
and other brancKes. '' j 

The quality of liter«3;ure of a branch of science^ 
indicates its importance and ixisition. 

The chief Writers on metallurgy in ttie past, that 
is between 1640 and 1880, do not appear to have 
been more than about tliirty in number, including 
Areola, Pettus, Reaumur, Cronstedt, Berzelius, 
Faraday, Mushet,/Percy, and Ledebur. It will be 
seei),, therefore, that metallurgical literature up to as 
late as 1880 was meagre indeed, and beyond a few 
books by the authors in question is of little service; 
in fact, one might Say almost useless in connection 
with the science of - ferrous metallurg^jp of to-day. 

Metallurgy since about the date mentioned, that 
is 1880 and onwards, has become possesW of a wide 
radge of scientific literature ; scores of books deal 
with ferrous and non-ferrous br|nches respectively, 
all helping on our kndwledgp. Only quite recently 
this branch of science was ,almost regarded as an 
empirical one, whereas tb-day metallurgy occupies an 
honourable position and possesses its own faculty 
in our universities and other educatiohal centres.' 

3Phe British Iron and Steel Institute, which was 
founded In 1^9, has had a remarkable Influence 
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upon the i)rogross of ferrous mctallurgj\ Its long 
list of illustrious presidents, including its founder, 
the late Duke of Devonsluro, Bessemer, Bell, Siemens, 
Percy, Abel, Martin, lloberts-Austen, Carnegie, 
Greiner, Schneider, SU>ad, Lord Invemairr>> arid 
others, bears witness to this, as also does its 104 
volumes and 73,000 pages, In addition to the 11 
volumes, 4,5(W pages, of (/amegie Scholarships 
Meineirs. r- * 

Its secretaries, the late Messrs. J. S, Jeans ^nd 
Bennett It. Biough, and now Mr. G. 0. Uoyd, have 
ably played their fOart in the development of this 
vosmopolitan Institute, whicli has a large section of 
foreign members, comprising leading American, 
French, Belgian, Italian, Swedish, Japanese, Russian 
and Spanish metalliirgists. 

At tlie time 1 inventewi manganese steel, in 1882, 
the membei*ship of the Iron and Steel Institute, 
founded in 1809, was only 1,213 ; to-day it has nearly 
doubled, namely, ‘2,228 members. An interesting 
feature of the policy adopted by the Council of the 
Iren and Steel Institute is thajt it was decided, in 
1010, to accept candidates for election as Associates. 
Persons not exceeding ,24 years bf age, are eligible 
if they possess the followinj^ qualifications—Students 
of metallurgy taking courses at a University College 
or Teclmical School, pupils who are apprentices of 
metallurgists or engineers, or in metallurgical or 
en^neering works, an^ persons employed in some 
practical or scientific capacity in tnetallurgical or 
engineering works. The subscription is exceedingly 
moderate—only one guinea per annum and no 
entrance fees-^ considerably less sum than most 
of even the small engineering societies charge ;for 
membership. The Associateship enables indi^duals 
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nierestorl in nn*iallurj'y to obtain at ojavv, tlic whole 
benefits of the Institute with tlic exception of voting 
papers, i.e. an Associate has tiie right to attend all 
meetings and receive all notices and publications. 

£^jidition to the Iron, and Steel Institute, the 
Faraday Society, largely founded to help tlie younger 
men in out midst/, and ai which Lord Kelvin was the 
Srst President, has dealt with tlu^ ariore abstruse 
problej^ns of met/allurgy. I iiecainc President oLthis 
Society about nine rnodths btiforejtlie outbreak of war, 
and it was natural that, as a metallurgist, ! should 
have turned the ’energiets of the fc^ciety largely int^ 
the (diannel of scientific hietallurgy. I was asked to 
:mntinue in office for seven years, that is imtil the 
end of'1920, Hnd during that teim no less than 
seventeen synifK^sia were held, and about two hundred 
papers were read, the majority of them relating to 
metallurgical subjects. The many students of 
metallurgy who will probably read this book maV 
iftsirc reference to these imIK^irtant discussions. 
A table showing the subjects of each symposium is 
therefore set out in Appendix III, including thc^e 
between the years 1907 and 1914. 

Many other newoinstitutes agud soefeties at home 
and abroad have been formed in tliis particular field 
of activity, such as the American Troil and Steel 
Institute, the British and American Institutes of 
Mining and Metallurgy, with ^ probably .12,000 
members, the British jand Americim Institutes of 
Metals, and other Anglo-Sax^n bodies dealing with 
metallurgy, to say notJiing of scores of smaller 
societies here, both in London and the^ provinces, 
eJso in Frimce, Belgium, Italy, Sweden, German^, 
Austiia, Russia, and elsewhere. There are, therefore, 
to-oay tens of thousands of members of the profession 
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in different parts of the world devoting constant 
attention to the advancement of scientific and prac¬ 
tical metallurgy. Most of this has been accomplished 
in the relatively short period of fifty years. 

The future march of civilization depends largely 
upon the scientific understanding, handling, and 
control of tRe qualities of the great aad" wonderful 
metal Iron, t It can justly be claimed that iron 
is pre-eminent amongst' the metals as regards, its 
thousand and one^ applications. Take away ,:ron, 
and it zhust be admitted that we should quickly 
go back to the da^ ages, unless some great discovery 
of the future sho^jld render us independent of this 
remarkable metal. 

The present primer seems to me to represent a 
useful attempt tdrbring the’large subject “of steel 
alloys into a comparatively small compass. The 
book is founded largely on my various research work, 
discoveries, and inventions, including those relating 
to n^gimese sUel, low hysteresis steel, and 
investigation of many other important special steels, 
ac described fully in my papers and addresses, a 
full list of ^hich to date is ^ven in Appendix II. 
This will explain wty^ my name'has bfen somewhat 
frequently quoted therein. 

It is hopbd that the primer will bo of considerable 
service to those who wish to make a,rapid survey of 
this most impo^ant subject, “ Spedal Steels,” 
representing a branch of metallurgical science which 
has done so much to^help on tho world*s progress 
during the^ last twenty-flve^r thirty years. 

ROBfIBT A. HADFIBliD, 



AUTHOR’S PREFACE 

• 

The literature of special steels is rich in meritorious 
treatises generally dealing with some particular 
branch of the subject. We are indebted to Hir 
llolicrf Iladfleld* for the ffhst great development of 
special* Bt<je|| arid ma^iy other contributions to 
metallurgy. Much information, both ()p the scientific 
an^ technical side of metatiurgy, including special 
stee^Alloys, is also twbe found ki the transactions 
of the Iron and Steel Institute and also othe^ societies 
in this coimtry and abro^jd, aft well as in scientific and 
technical journals devotJb to the industry. • 

Prom neither of these sources, "however, can the 
student, operator, or user of special steels obtain a 
concise 4^echnical survey of the nai>ure and scope of 
this important branch of metallurgical science. The 
present volume is intended briefly to review current 
*knowledge and practice in this domain, and, it is 
hpped, stimulate the reader to further study of this 
fascitmUng subject. 

The task of planning within the confines of this 
small work even a s^opsis of the domain of spccitbl 
steels was no easy^one, and many interesting and 
•important references have had" be omitted. Atten¬ 
tion has b^n given, however, to steels recently 
developed, so that the review may be as far as 
pr^icable up*to date, and it is hoped that the 
consideration given to, workingf heat treatment, 
and applications of specml steels wU be of service 
to. users of such steels. 

THOS. H. BURNHAM. 

A complete .list of his various Papers is gi^en I'n Appendix if. 
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SPECIAL STEELS 


CHitFi’EB I 

_ IMPORTANCE OF IRON A^D SPECIAL STEELS 

WiiAst iron has Hjeen kno\!^^ to man from an early 
stage in his histoiy it is probable tliat onfy during 
tlio last 1,500 t<o 2,000**^ears, hais the human race 
adapted this metal to its servieft. Man may be*" 
designate(^ an,.iron-nee<ling creature, ajiid it seems 
more tl^n coincidence, that so indispensable a metal 
should be HO abundant in tl^^ editth. Whether iron 
was first hammered into spear heads by Tubal Cain 
or first melted on Mount Ida by a forest flrt^ is merely 
i^ginative speculation, but the beginnings of the 
metallurgy of iron and the quaint primitive pro<;esses 
employ^ are of unusual interest. It is certain that the 
extraction of the covabed metal was not^asy whether 
performed in tiny charcoal-heated qpicibles or in 
holes in the sides oi*hills facing^e prevailing winds, 
with chimneys bored from the top to crei^ a natural 
draught. These processes were ifi use before the 
beginning of the real iron era, which may be said 
to* have been inaugurated in Belgium about 1340 
when, by the use of coal in i^referAice to charcoal, 
hitherto unheard of weights oliron were produced. 

Iron ai\d its alloys excel all other melals in the 
variety of their properties; their sifength, theiy 
magnetic qualities, and their capacit|| for hardening. 
As an example of tenacity, this varies from about 
18 ton% to 160. or even 200 tons per sqdare inch 
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in rcrl^in rases. Tliis imnjense range in propeHics 
is brought out in part by meclianieal and thermal 
treatment, and in pari by variation in the pm- 
portions of other elements wliich imn contains 
naturally or by intentional addition. Iroii is never 
found in th^ pure state, /ind always absorbs carbon 
frodi the fuel used in extracting it ffom its ores. 
Carbon has a gn^ater eiject t.han any other element 
on "iron. Tron-cai;J)on alloys, contfiining less- than 
about 1’5% of carbon aib known “ simple stedC.” 

• 

• Definition of ** Special Steels.” Tlie term “ special 
steels ” is often used broadly to designate any steels 
intended foj purposes other than tljiose served by 
the general product, but is heip taken as s)m<jnymous 
with “ alloy sl^eels,” j.e. steels which owe their 
properties chiefly to the presence of an alloying 
element other than carbon. Alloy steels may or 
may not ^contain carbon, and they vary enormously 
in th^ir properties^ They do not include those steels 
to which a small percentage of an element is added 
t« produce a^slight improvement in ordinary carbon 
steel as, for ^xample, when a small amount of 
manganese is ^ded PcPremove osfygen and neutralize 
the effect o| sulphui, or of silicon to get rid of blow¬ 
holes in steel. In the space at our disposal it is only 
possible to deal, in any degree of detail, with those 
alloy steels whichthave gained and maintained 
themselves a plaK:e in ^urrent use. 

Modcmitsr o! Special or AUby Sieds. In considering 
tjbe development t>f special or alloy steels we need, 
not go far into ^tiquity. Considering the important 
rdle they play in twentieth-century metallurgy, it is 
surprising to find that alloy steels were practically 
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uukru)wn about fifty years ago. As Mi-. Henry D. 
Hibbard in the Ileseari^li Narrative No. 35 (1022) 
of tlie Engineering Foundation, New York, states, 
TIadfleld’s diseovery^of manganese steel as a result 
of resaareh practically started the study of alloy 
steels. Before him, the Mushots, father and son, 
liad indeed forked out "empirically a self-liai-defling 
steel for metal-cutting too|^, but tins ajiplication 
ga\^e ML) such impetus ^o researcli t he field of u^ful 
ferrotis metals. ^ • 

It may therefore safely berf?aid that prior*to about 
1805 iK)n metallurgy wa# confined* practically to the 
combinations of iron and carbon. Itf should be recalled 
that down t.o Jhe time of Huntsman’s jnvention of 
crucible^ steel about 1740, homogeneous steel had 
not been fused or cast, ^mong the important 
ostablisliments that were started in Sheffield as tlie 
result of this wonderful advance was the old works 
of Sanderson Brothers. It was at these wj)rks that 
experiments were made in 1822, %t the insti^tion 
of Michael Faraday, on the effect of metallic additions 
to cast steel. He was desirous of obtg,ining bettar 
cutting tools and non-corrodible metal^for reflectors. 
Faraday made nickSl steel and^ound that the 3 % 
alloy could be worked satisfactorily. Heathen tried 
a number of rare elements including gold, silver, 
rhodium and, ouriously enough, chromium, but we 
had to wait ninety years for a rustless chromium 
fteel which would take <a cut^g edge. In spite of 
Faraday’s work, alloy steel received little attention 
for many ^ears, and it ma,y be said tha^ when Sir 
Bobert Hadfield began his researcfties An the effect 
of other metals on the mechanical pri^rties of iron, 
the metallurgy of alloy steel was practically an 
** unknq^ sea.” The discovery of mangadese steel 
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by Iladfleld, in 1882, domonstraicd—by its remark¬ 
able and in a way subversive im/J:)erties—^tbal nothing 
can be tak«jn for granted as to tlie properties of an 
alloy of iron with other elements. He quickly 
followed up this rescarek by investigations of nickel 
steel, chromium steel, tungsten steel, silicon steel, 
aluminium steel and other* combinations, and the 
many distineftons and ^wards Hadfield has received 
show that the varijjus scientific and technical s^cidties 
of the world have generally rccogni/xsl the value of 
the disedveries emanatqpig from this work. 

, It does not seeiji out. of place here, in reference to 
reseai'ch work ondron alloys, to <|uote an important 
statement by that well-known h’rench scientist, 
the late Professor Osmond, ^for whom deservedly, 
the metallurgicaT •world haS very high respect. 
Beferring to the Uadileld Research on “ Alloys of 
Ij»n and Tungsten,” Osmond remarked that ” the 
papers formed a continuation of the series of former 
memoirs conceived and carried out in the same ^int. 
It would therefore appear reasonable to review the 
general results, which, directlf^ or indirectly, were 
becoming more and more apparent, of these successive 
monographs by Haftfield.* • • 

” In the first place, a mass of new ideas had been 
gained upon facts little known in the history of 
metallurgy, Hadfield being in a higl^ degree imbued 
with sespect for bis predecessors, and with a sense 
of appreciation ai theinlabours. The historic portion, 
which demanded patient and exhaustive research 
among th^ archives of tHe past, was not always^ 

• ♦ A full lis^of Sir Robert HcMlfield’s papers will be found 
in Appendix C. ^Although maiiy of the papeip on alloys of 
iron with other cements were read before 1900, the facts set 
forth to be as correct to-day as when they wepi first 

ptt s 
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appraised at its true value. Nevertheless, a reseai’ch 
of this nature had, independently of its moral bearing, 
a practical value in sparing the investigator the 
trouble of recommencing work already done and from 
attempting what had becin found useless. It also 
serVed to bring to the minds of present workers that 
they were tJic actual •agents of an uhinterrupted 
evolution, and there were few men wh(f had exercised 
an •inliuence uimn the progi'ess of this evolution 
com]^rable to that wliich had been brought to bear 
by lladfleld. * ^ • 

“ The series of his all(f|rs liad begn prepared with 
degree of technical skill which upset many falsely 
conceived ideas, resulting fn>m imperfect preparation 
or from ftiulty manipulation. Ilis m^hod was a 
truly sefentifle one, by means of ,^hich all the inde¬ 
pendent vaiiables which coiild be disposed of were 
eliminated. With the materials for investigation 
thus prepared, which for a long time had been un- 
riVaUed in purity, the results obtained were at once 
clear, coherent, and definite. Moreover, Hadfleld 
had not used this w^lth of material merely for his 
own personal advantage, but with *never-failing 
generosity, o^,which4he writer had many times availed 
himself, he had placed it at the disposal of those 
investigators who were desirous oi subjecting it to 
their methods and of using it for their researches. 
Fprther, the useful results rapidly gqpe on 
increasing, and from the accumulaUon of these the 
general laws had been evol^ved5«'hich fomed the main 
object of all research. One fact, foreshadowed by 
Hadfleld from the beginning, was clearly evident, 
namely, that all the useful foreign si^stances added 
to iron had the effect of essentially'modifying the 
iron itself and thev mieht be substituted for one 
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another, in equivalent proportions, not, it is true, 
without modifying? to some extent the secondary 
properties, but without altering abruptly the essential 
characteristics of the typo ; that was to say, and this 
was the chief point, that there were metalkirgical 
equivalents ^for substances which, though widely 
diflbring numerically from the chemicaf equivalents, 
were nevertheless ({uali^atively anal ogous. 

“•The three principal modi^ers of iron wer* hard¬ 
ening cai'bon, mangrnesd, and nickjl. Their metallur¬ 
gical equivalents were ihe respective proportions of 
them which would lower By the same amount the 
points of transfoUnation upon the scale of t-empera- 
turcs. Guitjet, wlio was at work to^ determine the 
numerical value of these equivalents wftl^ greater 
precision than had? ye^ been attempted, had found 
that 1*65 partes of hardening carbon, or more exactly 
1.‘65 parts of total carbon containing the maximum 
amount ^f hardening carbon was equivalent to 12 
parts^of manganele and to 29 of nickel. Chromium 
and tungsten, and pi-obably also molybdenum and 
\«inadium (t^e writer had, hovuver, only few papers 
relating to thg two latter) were not direct modifiers, 
but had as their objdBt'the maintlnancetof the carbon 
in the state of hardening carbon under the conditions 
of thermal treatnffent in which the carbon alone would 
separate into the state of free carbide with little 
activity. Their rtflex action upon the carbon was 
itself governed by a l|iw of equivalence. 

“ Now according as# with a given addition of one 
or several j^odies, and under%xed conditions^of heating 
§iid cooling,*the*transformations were maintained, 
above 400® t!. approximately, or were . lowered so 
as to occur between 400® 0. and the ordinary ^m- 
peraturef or were ^pushed down to a jx)int baiow the 
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ordinary temperature, there would be produced 
three essential types* of iron, not taking account of 
the intennediary types which connect them. n»ese 
three types would 'correspond respectively to the 
coijiplote transformations, to the incomplete trans¬ 
formations, and to no transformations at all. Tlie 
first type is ftoft iron. 

“The second corresiK)ndsJbo hard cpienched steel, 
and itw kindred subst|inces. 

“ Wie third coyesponds lo ijpn-magnetic stesels, 
which are subject to defoni^ation and at flic same 
time are very diffietdt t^work. 

“ The two fii’st had been familiar since the dawn 
cd time, the ^hii-d was due to the d^S(!Overies of 
lladfiel(i. * 

“ (k)n8idered from this joint o^view the discovery 
of manganese steel by Uadfield no longer appeared 
merely as a discovery of a new alloy, curious and 
yet useful, but it'ranked as a dis(jovery equal in 
imp#rtance only to that of the effect of quenjjihing, 
in the history of the metallurgy of iron, the only one 
of the same order which it had been reserved f»r 
our age t-o make.’’ 

Many other metallurgists *!Hibsequently entered 
this important field of investigation, and there 
followed Wonderful advances in steel iilloys which 
have brought about a series of revolutions in various 
industrial fields. Probably automobile construction 
has done more than anything els® to increase the 
use of alloy steels ; its demands being so drastic that 
the only |naterials suitable are the best obtainable. 
The development of alloy steels‘was* also greatly 
stimulated. by the demands for s^cfal steels for 
was purposes and in connection with the aircraft 
industry. 
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Role of Special Steels. As Dr. Aitchison. has said, 
almost, all that the enginecT builds is depcmdcnt on 
steel. It has been found, however, that the strength¬ 
ening of ordinary or carbon steel by hardening and 
tempering is not sufficient for many purposes." Such 
carbon steels^as are useful forestmctui'al or machinery 
pur{)Oses ordinarily do not ix)ssess sufficiently high 
tensile strengt.h or reaM)nably high impact test or 
notdhed bar value.* On the other hand, owing In the 
advance ^in knowloflge of the last twenty ^ars, 
these values can be gr<?at.ly, improved by means of 
heat-treatment. Ih addition, the effect of mass 
'in hardening carbbn steel is a drawback, the hard¬ 
ening not siviking tlmmgh the sectionp If, however, 
the stoel is alloyed or fortiflid with other*metals, 
a mnsiderably greafer range of mechanical properties 
or combination (»f properties is available It is 
due to tliis ability to cut down weight and retain 
strength, increase strength with no sacrifice in duQ- 
tility,increase haiSness, increase resistance to slloch 
or fatigue, or obtain or accentuate some other 
pft>perty—^mugnetic, electrical? anti-corrosive or 
cutting efficiency—^that there is so much special or 
alloy steel in use at tS^ present time. * 

It has b(^n stated that.we are passing from the 
steel age to the efiloy steel age, and it will be seen 
there is considerable foundation for this assertion. 

Almdst all kno^ elements from aluminium to 
zirconium, have fieen introduced into steel in varying 
quantities and combiitatio^, and in many cases 
imparting special qualities. • 

• A few of applications to which these special 
steels have b^mput may be mentioned briefly as an 
indication of the scope in which they have replaieed 
the simpler steel— 
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Nickel steel {(^haT)ier IJl) for structiiral and con¬ 
structional purposes. * 

Chromium steel (Chapter IV") for constructional 
work and mining equipment, sucli as crusher plates 
^and, ba^ls and stamp shoes? A recent development 
is the manufac-tui'e of rustless high-chrornium steel, 
wliich has als(t excellent resist ance to scahng. Ilustless 
steels are used for piston ro^s in mine j)umps and 
for bridge work. 

SiBron steel (Ch^)ter V) fdr Iciv hysteresis sheets 
and springs, also for acid-reskting containers. 

Mayiganese steel (Cha'^ter VI )• for points and^ 
crossings, rails, crusher and drcnlgftr parts, etc. 

TungOten^ steel (Chapter VII) for high ^peed tools, 
magnets, etc. , ^ 

Nickel chromium steel (Chg,ptor IX) for armour 
plate and projectiles, automobile parts, etc. 

Chromium vanadium steels (Chapter X) for springs, 
constructional work, and tools, and for locomotive 
forgings,^ etc., where the burden hiii to be Ugh^ned 
to meet rail and bridge limitations. New heat- 
resisting steels are beitiig developed for b|ji*ner nozzles 
and automobile engine valves. , 

The use o# speciSl steel hd# proved economical 
in a long list of pioduct-s from shovels to automobiles 
and parts ol battleships. • 

Tiie rapid giowth of the industry is illustrated 
by* the increase in the United States of alloy steel 
products from 181,980 tbns in^009 ix> 1,787,862 tons 
in 1918,* and although the use of special steels fell 
oft during the recent period of depregsion, the 

• Of every 130 tons of steel made in the ifpited States i» 
1909 only one ton was ^loy steel, whilst in lOU one ton in every 
25 iOjM made was of alloy steel; the amount of alloy steel made 
in tlw eleotrio furnace was 608 tons in 1910, compared with 
290,961 tens in 19^^. 
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consumption is again increasing as a result of f-he 
demands of the automobile &nd allied industries, 
and many new applications are being foimd as the 
result of study and research. 

As an illustration of# the application of •special 
steel to the automobile industry, reference may be 
ma(de to Fig. 1, representin|| a view taliibn some time 
ago of a chassis assembly track at a well-known works 
(Harper, Son & l^ean at Tipton). There aie over 
700 different comp^neifts in the chassis of thii car, 
including sixty made s>t sx>eeial steels. This illus- 
jirates the wide 8«(>pe of alfplication of alloy i^teels, 
without which, the present day ('.ar, with its light 
weight, extreme reliability and durability, could not 
be produced. ^ , 

The more important^ parts of a motor-car may be 
considered subject/cd to three main groups of stresses. 

1. Alternating stresses which induce a liability 
to fail by^ fatigue. 

2. ^1ows or skocks tending t-o produce siidden 
fracture. 

• 3. Crushing and abrasive stresses. 

The great yange of mechanical properties which 
can be obtain^ witlkalloy steels^ubjected to suitable 
heat treatment, render these materials particularly 
suitable for a great variety of applications involved. 
The steel for each part of the car .must have the 
necesaMy qualifications for its particular work. For 
example, hardness in gears, toughness and high 
elasticity in axles and* crankshafts. 

When considering alloy dteels, however, it must be 
borne in mfiid that composition is a means and not 
an end. In'ogier words, the special elepient is only 
added if the desired mechanical, magnetic or ^ther 
propert]^ cannot be obtained a cheaper way. 




3-;(5410) 


In eath chassis there are 70 components of alloy steel, in this case ifiade by Messrs. Hadfield, of Sheffield. 
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In many oases also iJic present consumer of alloy 
steel has at his command niore than one type of 
steel which is satisfactory as regards some particular 
property required, and he is then influenced in his 
choice by the relative economy of the alternative 
materials in the various manufaiitiirinK proccBScs 
to which they are subjected. 


Achievements'^ of B|itish BUetallnrgists. Metallurgy 
is a ^osmtipolita.i science, and other nations liave 
contributed very useful^ and important work to its 
development, but it is interesting to note that the 
metallurgy of iron and steel has advanced to its 
present 5 >osition mainly from “the fundamental 
discoveries of Jiritish metallurgists. To enunu^rate 
the names of only Dud Dudley, Huntsman, Cort., 
Ncilson, Bessemer, Mushet, Siemens, Sorby, Snelus, 
Wliitworth. Bell, Thomas and Gilchrist will be 
suffici<jn£ to iruBcate the truth of this statementc It 
isomportant that the student should rpalisie tliis, 
as he is apt to be misled in reading some pre-war 
publications in wliich the claifiis set forth for German 
contributione have been greatly exaggerated. 

On the other h^md, the important'work done by 
the early Scandinavian metallurgists has not been 
sufficiently recognized. It must not be forgotten 
that Swedish scientists discovered the following 
eleiAents— 


Barium 

Cerium 

Ghloriae 

Cobalt ^ 

Didymium 

LAhium 


•Molybdenum 

Mckll 

Oxygen 

Scandium 

Selenium 

Silicon 


Tantalum 

Thofium 

Tungsten 

Vanadium 

Ytterbiun\j 

Zirconium 
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Attention was drawn to tliis subject by Sir Robert 
Hadfleld in a recent lecture* on the work of the 
metallurgi(;al (ihemist, which has been widely circu- 
lat(Hl and approved by the leading chemists of to-day. 
jIn a chatter dealing wii h this subject, it is pointed out 
that although the Chnnians have played a very 
useful part the development of ^metallurgi?5al 
chemistry, a brief review of ihe work done by our 
own <ltemists shows t^at. we hava nothing to fbar 
from ^ comiJarison; in facf, it ©is indicated that 
chemical supremacy rcst^i with the English-speaking 
people. In the same chapter two tables are given, 
recapitulating the most distinguished names in con¬ 
nection witji chemistry both pure and aj^lied, and, 
althoughait is not possible to indicate the relative 
prominence of the individuals, an examination of 
the lists sliows tl»e preponderance of British workei-s. 
Indeed, the science abounds with names of English 
ratjier tlian Teutonic investigators. It will generally 
be foitnd that the Teuton was very IWligent in aiy>ly- 
ing the fimdamental tliscoveries of his neighbours, 
and this earned for him such a reputation that it« 
required a great war to disillusion the re^ of the world. 

. It seems to*be a n^ional trail f)f ours to indulge in 
self-depreciation. This sometimes tends to decrease 
our confidence in ourselves, and leads to a belief in 
the superiority dl German workers. Marshal Foch, 
when asked whether he found his«kcademic studies 
to be of immediate service ojpi thef field of battle 
replied, No, not altogether, bist Uiey give me con- 
flddpce.” It is this confidence in life wlych is so 
important and so essential—^the acquired confidence, 
which comes .from knowledge. 

* 89e Appendix II, Section 17, Paper No. 132. Published 
by Measra«Chas. Qriffin A Co. * 
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Sir William Tilden pays tribute to the pioneer 
work done by Scandinavian metallurgists and in 
particular considers Berzelius U) be one of the really 
great chemists of history. He pciints out- that- while 
it is scarcely possible to-est-imate thii relative positions^ 
of the nations by enumeration of nam(?s, anotluir 
co'mparisoh may be miuh? by reference tt) the piiblica- 
tions in each country. PeriLsal of the Jinirnal of 
the Chemical S(|ciety shows^ a magnificent' record 
of British work d^e, Vhe qualil y of which whl bear 
compai^ison with thatnof i\py recorded by Tcutoni(; 
journals. ‘ * 

Sir Edward Thorpe thinks that- justice should be 
done, as it always is by British writers, tq the merits 
of Scandinavian chemists, not only in their discovery 
of chemical elcm'erit-s, but also in the service they liave 
rendered as regards theory. One of our leading 
public men, Lord Riddell, has recently state<l that 
he considers it of considerable importance to beai^ in 
mind tiie achievements and positions of British 
metallurgists and chemists, particularly considering 
,the attacks made on our nat-ioA’s standing by people 
who should kpow bet-t-er. 

In considering 'the contributions* of different 
countries to the progress of ferrous metallurgy, that 
of Italy* deserves mention. Pn)fessor Federico 
GioHtti has done excellent work with regard to alloy 
steelaand the study of cementation ; also, concerning 
the heat treatment o^ steels for mechanical cx)nstruc- 
tions and machine'^parts. The Iron and Stool 
Institute ^awarded him th^ Bessemer Gold Medal for 
1910 
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CONSTITUTION AND MANUFACTUKE OP SPECIAL 

STEFL8 

• 

Constituents of Carbon Steel. In spite of all that 
has been written about iron And steel, many h^y 
notioni^ regarding theiA still (yiist. * A good deal of 
help, however, towirds tlu; undefijl<anding of alloy 
steels is afforded by eonfititutional.diagrams which 
iUustrate the elTcct of the alloying, elements. The 
parent of these diagrairis is the iron-carbon diagram, 
shown in Fig. 2. Tlie constituents arenas stattMi 
briefly bfilow. It may* be added* Uiat the theory 
formerly held by some metallurgists of the existence 
of a hard or beta form of iron has now been aban¬ 
doned, newer facts Whicdi have come to light having 
proved that it is not tenable. ^ • 

Femte •{Fig* 3*), is pure iron, soft, ductile And 
relatively weak, hav^g practically no hardening 
power, and crystallizing, if growth were free, in the* 
cubic system. * ^ • 

'Avsteniie (I^gs. 4 and 8), named after Sir William 
Roberts-Austen, F.K.S., is the solid solutionof carbon 
in y-iron, fprme^ at high temperatures, i.e. above 
the critical range of steel, which may sometimes be 
obtained by quenching ra|iidly from su^ temperatures. 
This constituent is not of eonsi^t composition, the 
carbon varying from a traee up to 2%. The reten¬ 
tion of austSoLite is assisted by the ]gresenctf of some 
alloying elements such as manganese, ^^kel, etc. 

* Figs. 3-8 MO lino drawings prepared from roiorophoto- 
graphs* to illustrate the oharaotenstio structures^ of the 
constituents. ^ 
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Martensite (Fig. 5), named after the German 
metallurgist, A. Martens, is the first stage in the 



Fio. —^Fkbhitk. , Fia. 4.—^Austenite, 

Magnification 100 diameters. Ma^nem efteel, watcr-tonghnned 
Magnification 600 diameters. 



Fio. 6. —Mabtbnsite. ^ Fio. 6?--Pbaklite and 

Butectold steel quenched. *<5BiiBNTrxB (White). 

Mag!iiflcation^400 diameters. 1*3 carbon steel. 

Masniflcation 601 diameters. 

transformation of austenite in coolin^^ through the* 
critic|il range, and differs from aust^te only in 
structur4l aspect. Probabl;)^ the solute particles are 
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in critJcal dispei^ion whicsh may account for its 
extreme hardness. It is formed by rapid quenching?, 
which is, however, not- sufficiently drastic to preserve 
austenite. It is usually acicular in structure. 

Cemmtiie (Figs, fl and 8) is the carbide* of iron 
oorresjMjnding to the formula FcjC and consists oi 
6*(f% of carbon and 03-4%* of iron, Ilf is very hard 
and brittle, and has yttle strength. It may occur 



Entectoid steel. Magnifioutiou Austejiite (White). 

750 diameters. Mauganeae steel as east. 

Maguitlcation 6(M) diameters. 

admixed witlT carliidcs of allaying elements such 
as MiijO. ' 

Pearliie* (Fig. .7), so called from its characteristic 
"appearance under the microscope, 48 a mechanical 
mixtqre of cemaptite with a definite amount, of 
ferrite, the resultant c^taining about 0*9% of carbon. 
A steel consisting enti^ly of this constituent is known 
as eutectoid steel. Ithasafhaximumstren|d'bandlow 
I ductility. It usually occurs in lamellar formation, i.e. 
consisting of‘s^tffied layers of cementite and ferrite. 

Troostitd is tbe first breakdown product of mai^ns- 
ite during the resolution bn heating of solidjsolution 
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laasicnitc) into pcarlit-p. It is also formed when 
queneliiiiK is not sufli(*j(«ntly rapid to preserve martens- 
iie, but too drastic for the formation of pearlite. It 
is almost structureless. 

^ Sprhite, named after T)r. vSorby, of Slieffield, repre¬ 
sents anoth(‘r and later plie«e of ihe iranslation of 
tlic quenched" solid solution into lamellal’ pearlHe. 
It may be consid(*red to be jmperfeijfly developed 
pearlittA the cooling liaving been sulTiciently rapid-to 
prevetft tlic format^m of distinct lamellae. 

The hardness of the ini(;ro, consi-ituents (ff steel 
as determined by Mr. t!*(t. Elliot, F.I.O., of the 
Hadfleld Ilcsearc'li Ijaboratory, aie as given in 
Table I. ' 


TiiBLK 1 

Uardnkss Numbers of Micro Constituents 
OF Steel 


Constituent. 

IJriiiclI 

Ilunluetu'^ 

Sclcroscope 

Hardness. 

Ferrite 

S2 

10 

Austenite . # 

204 

28 

Martensite* 

578 

• 76 

Troostite*^ . , 

AU 

• 60 

Sorbite* 

m 

49 

Pearlite* ' . 

m 

30 


•' The hardness bf these constituents is higher in steels 
ount#kining chromium, chromium-nickel, ^tc. 


CoDfltitaents of Alloy ste^.jlln alloy steels there 
are np more^ and no fewer Constituents than in carbon 
steels, but the addition of the special plelnents in¬ 
creases the ease with which given constituents may 
be p|oduced. Special steels are usually spoken of 
in t^rmi of composition abd heat treatment, but 
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f 

attention sliould always be paid to the constituents 
as they arc equally or more important. Special 
elements may act in the following ways— 

(1) Tend to keep the carbon in solution. 

(2) Tend to aid in throwing it out of solution as 
a simple or comx)ound carbide. 

f^) Tend to keep the carbon in sokition within 
certain limits^ and to throw it out beyond these 
limits. 

The alloying elfemeni^ may/in^fact, be considered 
as catalysts wliich* accelerate or retard the rate of 
solution and precipitatiortf 6f carbide. In addition, 
'they influence tliarate of collection of small particles 
into large ones. Chromium and tungsten associate 
principally •with the carbide and, on teating an 
annealed steel, go»into solution at higher temperatures. 
Nickel and manganese are more inclined to be with 
the iron and go into solution at a lower temperature. 
Alloy steels with one special element are caUed 
ternary eteeU, t|^ three constituents being .iron, 
carbon and the special element. Steels containing 
two special elements are called fpmtemary steels. 

• The able French metallurgist, Guillet, conceived a 
theory of ternary ^teels which form^ a valuable 
guide to their constitution > and properties. Upon 
the introduction pf a third element into carbon steel, 
the steel remains pearlitic at flrst, but as the amount 
of the special element is increased, the carbon remain¬ 
ing constant, tl^e steel becomes martensitic, then 
austenitic, or sometimes cementitic, depending on 
the chemical action or alloying powers of ^the special 
element. keeping constant the percentage of 
the special dement, a similar transfonmition from 
pearlitic to maA^ensitic and then austenitic conditions 
may be ^ected by raising the carbon conteijf/* The 
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greater the amount of carbon, the smaller the propor¬ 
tion of the special element needed to cause a structural 
transformation. Tlie greater the amount of special 
element the smaller is the proportion of carbon 
needed to cause a sinKitural change. It should, 
bf eburse, be noted that there* are no sliarp lines of 
demarcation between the ^in'erent types ot structure 
mentioned. 

It wijl be seen that constituents may be formed 
during^^he slow cooling of ma^y spi^cial steels which 
can only be produced in carbon stv'iels by very rapid 
cooling through the criti»J£(J range. The production 
of martensitic and aust<cnitic strpei-ures on slow 
cooling is^ generally thought to be due to the action 
of the special element in depressing the position of 
the critical point to a low tempeijat^iro so as either 
to permit of only a partial transformation or suppress 
the transformation altogether. It appears that if 
the critical point remains above 300° C. the steel 
bedomes pearlitic on slow cooling. If the critical 
point is below this temperature the steel beeches 
martensitic or, if th^ criiical point be at or below 
atmospheric temperature, the structure 19 austenitic. 
By cooling aiwtenitic^iickel-ste§ls to the temperature 
df liquid air, a partial transformation takes place, 
and they become martensitic and magnetic again. 
The ^ove suggestion as to the production of con¬ 
stituents is very useful but, in the light of recent 
research, may need modification ^ or ampliflehtion. 
At least in the case of austenitic manganese-steels it 
is not the only possible aKpladTation. 

TnfliwiwA Specdfll BSsmonts. ’The*influence of 
special elements on the critical points 'Varies greatly \ 
mmS elements do not yield austenitic or even 
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martensitic steels^ and a few raise the location of the 
critical points. 

Pearlitic Special Steels may be divided into those 
not very sensitive to annealing such as nickel and 
silicon steels, and tlinse which arc sensitive, viz., 
manganese;, chromium, A^anadhim, 4ingsten and 
moiybdcnum* steels. The structure is similar to, 
but often finer than^ that of the corresi;onding 
or<fmary carbon %teel^ Thesfe steels arc geiKjrally 
superioj to ordinafy carbon steeA as regards elastic 
limit and ductility, and sjiftw a better resistance to 
shock. Practically all structural steels belong to 
this type. 

• 

Martensitic S]|^ial Steels *are hard, brittle and 
unforgeable in the cefid. Their uses are limited, 
but they possess a fairly high degree of stability, 
being little affected by tempering at 300® C. or even 
higher temperatures, and they are therefore used for 
cutt^g tools (scc*p. 104). 

Austenitic Special Steels are luft so hard as martens¬ 
itic steels, Ihit are moderately strong and ductile. 
They have a low elofit^c limit bttt high shock values, 
and are resistant to wear and tear. They should be 
free from ileparated carbides ; if present, these may 
be re-absorbed by heating to a hiig^ temperature 
(1,000° C. or afoo'^) and quenching in water {wetter 
toughening) or inaoil. ^These steels can only bo used 
where a low elastic Hniit is not dangerous to the 
safety of the article or structure, and price is not 
serious. 

OementlCIO npeoiu nieds contain double carbides 
of iron a^d the special element. These are d|8soTved 
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in a martensitic structure by cooling from a high 
temperature. Tlie steels retain their hardness up 
to a visible red heat. 


Classifkiation of Iron Alloys and Prediction of 

Tro^rti^. Attempts have been made to {!lassify the 
alloys of iron «vith various* elements, so tus io predwst 
,tho properties that might be expeefed if other 
elements were used. 

Osmond awange^ the elonK^iil,s Vi the order of 
their atomic volumes {«cc Tabl^ Ill, a-ud con^iidered 
tliat those with atomic volumes less Ilian that of 
iron lowered the change points, while elements witli 


TABLE II 

Physical Constants of Elements sUsed in the 
Manufacture of Alloy Steel 


TSlement. 

• 

Symbol/ 

Atomic 

Weight. 

S|)eciflc 

Uravlty. 

Atomic 

Volume. 

Melting 
Point "C. 

Carbon . *. 

C 

12-0 

2-2 * 

6.5 

3460* 

Nickel . 

Ni 

68-6 

8-75 

6-7 

1452 

Cobalt . 

Co 

.58*9 

8-72 

6-76 

1490 

Iron.... 

Fe 

55*8 

7*86 

.Ti 

1580 

Copper . . • 

Cu • 

63-5 

•8^3 

7-12 

1083 

Manganese . 

Mn 

64-9 

7*42 

7-4 

1230 

Chromium . '. 

Cr 

62-0 

n-92 

7-6. 

1510 

Titanium . 

Ti 

48-0 

6-28 * 

9-1 

1850 

Vanadium . . 

V 

f)l-2 

6-50 

9-3 ■ 

1720 

Tungsten . . 

w 

184 

19'ia 

9-6 

3000* 

Aluminium 

A1 

27-1 

2-66. 

10-6 

659 

Silicon . . . 

Si 

28'2y 

•2'60 

11-2 

1420 

Molybdenum . 

Mo 

96*0 


11-3 

2600* 

Uranium . • . 

U 

2.38 

18-68 

12-7 

2400* 

Zirconium . . 

Zr 

90-6 

4-16, 

21;8 • 

' 

1700 


* Tlj^ values given for temperatures higher than 1,600^- 
2,000** C. ^ necessarily somewhat approximate. 
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higher atomic volumes raised the temperature of 
transformation. Subsequent work has indicated, 
however, that this conception is scarcjely adequate. 

Other investigators have attempted to show a 
relation between the position of the elements in the 
periodic table and their effect on the prox)ertles of 
ipi>n and^teel. In Group IV, for csamplc, silicon,* 
titanium an^zirconiumhavc to a certain extent similar» 
deoxidizing effects, and the effect of uranium ton steel 
was to some extent predicted fro:^i those of cluftmium, 
molyWenum and tungsten (all in (iroup VI). 

It seems probable thal the action of t^he various 
elements on iron and steel is governed in some way 
by their atomic and molecular structure^ but a good 
deal of ^ork remains to J;)c accomplished before 
such a relation%8Hi b§ derived. Help may be given 
by the new method of X-ray analysis,* recent work 
in this field by Hall, West-gron and others having 
detennined the lattice structure or arrangement of 
the atoms in ijon crystals and the effect op this 
structure of the introduction of atoms of alloying 
elements. During Sir Kobeii Hadfield’s term of 
office as resident, from 1914 to 1920, an important 
symposium, origin^fid by liim,«wa8 held by the Fara¬ 
day Society on this subject (in 1919), when fifteen 
papers wdi’e read, comprising 150 pages ; see Appendix 
III. 

K^Qlactnie of Alloy Sieds. The manufacture of 
alloy steels preients ^;reater difficulties than that of 
plain carbon steels, ^d the former are more liable 
to surface defects and tin^ cracks due to ^he inability 
of the mSta] to distort. Alloy steel should be sound 
and the surface smooth and free from folds and kinks. 

See also IndvstruU App^icatioM of X^Ba/ya, by PjeH. 8. 
Komptoiy uniform with this volume (Pitman, %a, 6A, net). 
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Defective skin can however, be removed by rough 
iuming. 1')ie best melt ed steel should pipe, this being 
taken care of by jwoperly feeding the ingot. It 
should be remembered that steel-making ability is 
often a«! important as (lie chemical composition of 
"the* steel. There arc characteristics not shown in 
the analysis wliich distiflguisli btjtw'cen •good and 
k bad quality. Steels of identical analysis may 
therefore differ considerably. It. lias frequently b'»en 
assumikl that if a certain amount- of an alloy is useful, 
further additions ar<} better, but tliis is by no 'means 
the case with fenous alleys. The study of such 
alloys should always be a correlative one, otherwise 
wrong conclusions may 1 m^ r(‘ached ; the various 
chemical^ mechanical, sqid j)hysical properties should 
be studied in correlation with,,each other. 

The manufacture of high quality steel depends on 
the human element engaged and on never ceasing 
care in the operations. Poor melting and pouring 
practice give rise to faulty structur'^ such as “ snow 
flakes,” which are also frequently associated With 
dirty steel. In mosb cases, exc(;pt for free-cutting 
properties, sulphur and phosphorus sliotild be kept 
as low as possiblc.o There ara other inclusions, 
non-metallic and non-ferrous which are present in most 
steel m greater or smaller amounts. An^ysis does 
not show them, and they frequently escape attention. 

A prerequisite of faultless finishejd steel is perfect 
ingots made of homogeneous material. The effect 
of unduly large crystals is to igake the ingots tear in 
worlqng, w!^ch deforms affd thus refines the crystals. 
The size and shape of crystals aroi controlled by a 
number of fetors. 

Aljpy steels are chiefly made by the mtci&Zr, electric 
fumacetjmd open hearth pfocesses. The Bessemer 
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process has in some cases, when properly handled, 
given ex(;ellent results, but/ ordinarily is not so 
uniform in quality. Steel is ina<le in the crucible 
and t/he elect/ric furnace in relatively small quantities, 
but of the liighest quality. In the open hearth 
furnace st/eel is made in large quantities, but generally' 
dcjps not/ attain the highest quality. 

Open HenfQi Process. The open hearth process 
(Fig. 9) is used for a Wge variety of products, and 
has a high output. The conipo^ition and tempera¬ 
ture ol the bath*are,under good control, and tlie 
temperature is independint of the means used to 
purify the metals The lining of the furnace may be 
of acid or basic material. Only in the latter case 
docs purification of the steel jl-ake place, most of the 
phosphorus and*s(Hne of the sulphur being removed. 
Acid open-hearth steel is generally considered superior 
to that made on a basic! hearth, but this is probably 
due to greater difficulty of control in the latter case. 

The method operation in making alloy steeT is 
much the same as for making carbon steel, the differ¬ 
ences occurring in the pnicess o| finishing, i.e. in mak¬ 
ing additions required for the kind of steel desired. 
Thetje additions are^esrerally made just before or after 
tapping, but the methods differ somewhat.. Ferro¬ 
manganese and, spiegel are usually added molt/cn 
in the ladle. In the case of nickel, cither nickel- 
steel scrap or pig^ickel may be charged half an hour 
or more before .tapping the charge. Chromium is 
added in the form ofJJerro-chrome, just long enough 
before casting for the alloy to become ^thoroughly 
.mixed thfou^h tbe charge, but unless care is taken 
a certain pi^portion is lost through oxidation. 
Ferro-silicon is added in the ladle, and vanadium 
in the ^rm of ferro-vanadium is sometime a!&ded 
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to the stream of ir^ctal flowing into <he ladle, fbpper 
is added solid to the bath about twenty minutes 
or so before tapping. There is usually a loss of the 
element added wliicli varies for each element and 
according to the working conditions. Ttiere are 



also r>ther methods of adding the alloys to suit* the 
conditions pre-wulint£ in different plujnts. 

Crackle and El^ric Furnace Procewee. For 
many y^ars high grade ‘’steels were made by the 
.crucible process•*(Fig. 10),^but of recent years there 
has been a R^id adaptation of the electric furnace* 
* See algo The Electric Furnace, by F. J. MofiEett, i^iifonn 
with tl^ volume (Pitman, 2a. 6d. net). 
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for refining steel. At tlie preH(*nt time complex 
alloy steels are made witlj. precision in the electric 
furnace (Fig. 11), almost equal in grade to the best 
quality crucible stoeh 

Fig. i2 shows the tapping of a O-ton H^roult 



electric fumstce with an observer taking th% tempera¬ 
ture of the .molten stream of steel flowing; into the 
ladle by means of an optical pyrometer. 

The following are thel clLaractcrJstics of electric 
melting, to which the high quality of the products is 
duo. A high temperatuie is^obtainable, and can 
easily be maintained ; the heating^ agent •is clean ; 
there is no evolution of harmful* ga^; and an* 
oxidizing, r^ucing or neutral atmol^ere can be 
maintained as desired. The whole operation of 
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refining the sfeel is under almost complete control. 
In the oxidizing period all the oxygen is introduced 
into the furnace in the solid form. In the reducing 
period the bath is deoxidized by carbon. During 
th^fini^ing period the conditions are either reducing 
or neutral. The loss of fhe alloying elements is 
reduced to a*minimum, ahd finishin g t]^e Steel in Ihe 
furnace l8ads to greater uniformity. The alloys 
required may bo added as soon as ijie slag conditions 
permif; ferro-siliccfi is added*abopt 10 to 16 minutes 
before tapping. The electric •furnace procesd is the 
only one in which impurilies are not added to the 
steel by ^he operation. In the open hcaiih, the metal 
is subjected to the action of the air and gas, while 
in the ciucible process Jeha steel may take up carbon 
and silicon from the cruciblek * * 

The electric furnace is sometimes used to refine 
molten open-hearth ^eel, and is valuable for remelting 
al|py steel scrap without loss and making a high 
grade product therefrom. The raW materials used 
in the electric furnace are cheaper than those for the 
crucible, large castiifgs can be made from one heat^ 
an<d the steel is free from impurities t(% a^gh degree. 
. Of the nuftiy elecfHc fumadieff in use no one can 
be said to po^sess any great advantage over the others, 
though the Hdroult type has been the*one most 
generally adopted. From the economical point of 
view the electric furnace; seems destined to p«>gre8s 
conjoined as a duplex operi^tio% with the open hearth. 

It is not easy to con^arer crucible and electric 
furnace steeh as each possesses its own ^isUnctive 
field of use. The crucible process is«not suitabler 
for manufacturing large quantities srft low-carbqn 
allo^ steel, but the electric^ furnace is ideal for this. 
The ct««ible process yields* the highest anility tool 
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siuel. Some comparative test s wliich have been made 
showed that squai'e rods of a 1*1% carbon crucible 
steel gave greater bending angles and greater sclero* 
scope and ball hardness in the hardened state than 
did a similar electric furnace steel. The practically 
sealed crucible gives a near approach to ideal con¬ 
ditions, i.e. {pelting in tJie absence of oxidizing 
conditions and out of •contact with the products of 
coidbustion, and in-small units. It is probable that 
the silicon is in th% nascent condition in the crucible, 
and helps to remove the Ij^armful effect of the gases. 
Crucible steel is also free from flakes. The electric 
furnace yields larger heats and therefore larger ingots. 
The ingot ^roubles are found to be roughly propor¬ 
tional to the square of the diameter. Pipes, seams, 
segregations an(f siu'fate imperfections are also apt 
to increase with the size of the ingot. Metals which 
oxidize easily, e.g. vanadium, chromium and mangan¬ 
ese, are readily handled in the electric furnace, and 
ther| is better sofhtion, diffusion and homogejneity. If 
it is a question of obtaining steel with the lowest 
^s^ible sul]{hur and phosphorus content, and gener¬ 
ally for most aipplications the electric furnace process 
is to be preferred. 

Whilst the electric process has made great strides, 
crucible sfeel of* the highest quality still continues 
to be made in large quantities, chiedy in Sheffield. 

Medumioal Tllatmint. In order to develop the 
mechanical propertie^^f s^eel to the highest degree, 
it is subjected to mechanical work, either by hammer¬ 
ing, pressings or* rolling. A 3-ton steam hammer 
capable of fo^ng ingots up to H in. diameter into 
billet form is shown in Fig. 18. Forging pressesenay 
be a^a^jed to act vocally or horizqptally, and l^e 




Fio. 13. — 3-toh Steam Hammer Capable of Fobging D#wn 14-in. Ingots into Billet Form. 
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presses of boih types are illustrated in Figs. 14 and 
16. f'ig. 14 shows a 1,500-t/On vertical press, whicli 
can deal with forgings up to 16 tons in weight and 
22 in, diameter. A number of marine forgings 
produced in this press are shown in the front of the 
photograph. Fig. 16 shows a giant horizontal press' 
wisich is «sed for piercing or extruding gun tubes, 
projectiles, 4hd similar large size work. Messrs., 
Hi^elds, of Sheffield, had three of these at work 
day and night ddriifg the Great VTar. 

Thehenefltsderfv’edliom mechanical treatment con¬ 
sist in forcing the particle# ihto intimate contact, clos¬ 
ing up cavities, and refining the crystalline structure. 
Working not only improves the mechanical strength, 
but influeivses the hardness and ductility,\he amount 
of the change depending on the work done and the 
temperature at which it is carried out. The ultimate 
aim of working the steel is to secure a fine uniform 
grain, and this is obtained by thoroughly forging or 
rolling the metsj, at a temperature somewhat abdve 
its tritical point. A sharp change in struettire due to 
working takes place as the Ai\ critical point of the 
'steel is pasted. Above this point the carbon is dis¬ 
solved to form a ho^pogeneous mixture and, owing to 
the plasticity of the metal, distortion due to worldng 
does not produce a permanent strain, and the grains 
are brok^ up into smaller ones. Below the critical 
temperature the ^aggregate of metal and carbide is 
permimently di^^torted or strained. Steel can be 
worked cold ” to sS^certain extent, *but it must be 
annealed in order to remove internal strains. The 
higher thO temperature, the more easily'the steel is 
deformed, b^it is essential to keep the working 
tempeiatuies^within certain well-dedned limits. 
Steel mi^ not be heated to a tempeiatoie at ^hlch 




14.—A l,600-TO2f VKHTibAi. FoBOEsro Fbess at thb^ast Hecta Works, Shefei 
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it assumes a semi-fluid state or it will be “ burned.” 
The temperature of forgii.R liigh carbon steels should 
not ordinarily exceed about 1050°0. Nickel steel 
is heated to about 1090° (^, chromium-vanadium 
steel to even liigher t emperatures, and copper steels tg 
about the same temperature as the corresponding 
(^rbon steely Owing to tlie p<^or conductJvity of most 
alloy steels, llic ingpts must be carefillly warmed 
aiid preheated, before being raised to a forging 
temperature, as J^liey will not absorb heat Aiddenly 
without cracking. Owiiyg.to the greater strength and 
less plasticity of alloy steels at high temperatures, 
more energy is generally required to work them than 
carbon steel, e.g. high speed steel is diffloAilt to forge 
hot. Manganese, however, improves the trolling or 
forging qualities.* 

As regards the efficacy of the three methods of 
working—hammering, pressing, and rolling—each 
has a fleld of its own. For example, some intricate 
shapes cannot lie rolled. A high degree of reflnement 
results from hammering, provided the amount of 
reduction is large. Much depends on the use of 
a liammer of the right size ; in other words the 
hammer should lie heavy eflough fbr the work.* 
Under the impact of the hammer scale is removed. 
The coniSiur of‘the dies used in forging must be such 
that the metal flows evenly and'gradually to the 
flnished shape, and is not violently displaced, f In 
working under %. prqps the kneading 4)f the material 
penetrates deeply. Bxtri^rdinary care and attention 

* An aj^proximi^te rule for finding the suitable capacity 
of a steam hi!|mmer is to multiply the largest cross section (in 
sq. in.) to bo kicked by 80, The product will.bo the rating of 
the hammer in lb. 

t See dso Drop Forgingi by H. Hayes, uniform with this 
volyne^fPitman, 2a. 6d..net). 




38 


8PECUL STEf LS 


are given to every det ail of forging. Rolling, although 
perhaps not producing tlio best quality bars, has come 
to be used most widely, and is very valuable for its 
large output. Hammer and press work is slower 
and more expensive to operate. The temperature 
is likely to be higher in rolling than forging. 

6 In forging tool steel itns particularly necessary to 
ensure uniform heating, and the corrcJtet range oi* 
temperature froiri^boginning to end of the operation. 
At about 400® ( 3 ., steel is subject to blu# brittle¬ 
ness or sensitiveness to shock, especially in very 
hard steel containing frdb cementite. It is advisable 
closely to follow the makers’ instructions to obtain 
satisfactory results. 

Rolling Special^tecjs. Mg. 16 shows the ll-in. and 
14-in. rolling mills at Messrs, lladilelds’ East Hecla 
Works, Sheffield, for rolling billets of various commer¬ 
cial sizes into round and square bars. These mills are 
used for the production of high tensile steel for motor- 
cafs and commercial vehicles, spring steel and other 
special steels; they are of afti exceptionally robust 
character to ^thstand the abnormal stresses arising 
from the rolling o^special steels of this description. 

Both mills are of the continuous-running bar 
type, eadb drivjsn direct by an electric motor having 
a flywheel and flexible coupling interposed between 
the jtnptor and^the mill. The mills are complete 
with the usual reeling machines, shears and hot 
saws, etc., all drive^ by individual electric motors, 
each machine being sitmfted in the best poution for 
handlinif tjie ptaterial in the progressive stages 
after leavin^the roUs. A roU-iuming deputment 
is provided in which are situated electrically ^yen 
roU-tuqping lathes and the fuH equipment tqr tuin^ 




Fiou 16. —^Ei^ctbicauly-dkiven 11-nr. ani> 14-nr. Mxi^ls at the East HecA Works, Sheffi£U>, 
FOR Roi^jko Auxjy Steeir of Hioh TEHAcrry. 
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rolls. Furnaces of the semi-gas recuperative type 
are ijsed to heat the billets before they enter the rolls ; 
the billets are thus heated in tlie short/cst possible 
time with a minimum of fuel consumption. 

The control of temperature is of extreme impor¬ 
tance in the manufact^uro of special steels, and in 
rolling these materials it is essentiai, not only to 
start the opferation with the ingots we^l soaked 
the correct temperafure, but also to roll at such a 
rate as to finish*a^the correct temperature.^ 

The wliole eqfliipment is lai& out on the most 
modem lines, and is arranf^cd for obtaining maximum 
production with minimum labour. Overhead electric 
travelling cranes handle the raw and finished materials 
also changing rolls, etc., and the lofty^ well lighted 
and well ventiiat^ building provides an abundance 
of floor space which is so essential to the successful 
operation of rolling mills. 

Fig. 17 shows a reversing 28-in. blooming and 
finishing mill (jj the latest type, recently laid dbwn 
by* Messrs. Hadfields at the same works, which is 
believed to be the first havii»g for one of its main 
objects the production of manganese steel rails. 
This mill is c&pabl| ^ rolling dpwn 15-jn. square steel 
ingots 5 ft. long, weigliing 25 cwt., and reducing 
them at qne heat to 2i-in. square billets. The normal 
output js approximately 1,500 tgns per week, or 
say 15 tens per hour, with a maximum output qf 20 
tens^per hour fpr occasional short periods. The mill 
will also roll Hadflelfi “ Era ” manganese steel ingots 
into rails up to t^e heaviest section in demand 
having a maximum length of 55 ft,* rolled, say, 
45 ft. finislfed. * 

As shown riV 17, the mill comprises one cogging 
and oi|p finishing stand. The cogging ^roAs ate 




pt^otograph sho^ roughing an^ finishing stands for rolling special steels including manganese steel rails. 
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28 in. diameter and 7 ft. tong, and the finishing 
rolls 28 in. diameter and 6 ft. 6 in. long. The total 
weight of the mill is about 1,600 tons, including the 
electrical equipment which weighs approximately 
400 tons. The main rolls were mamifactured 
throughout by Hadflelds, and are of their special 
qgiality carbon forged steel with machined fluted 
wobbler ends. The hydraulic shears gare of tl^ 
up-cutting type com\)lete with hydraulic intensifier 
arranged for a maximum pow^r of 1,000 l^ns and 
capable of shearfiag Era manganese steel blooms 
when hot up to 10 in. sqpaare. The hot saw is of the 
horizontal sliding type, fitted with a blade -60 in. 
diameter and driven by a 75 h.p. motor. 

The mill motor is rated at 3,200 li.p., with a 
maximum output of^11,600 h.p. for short periods. 
It is capable of exerting a constant torque of 125 
ton-ft. from standstill to 60 r.p.m. in either direction, 
and gives a constant horse-power of 3,200 h.p. between 
the speeds of OQ and 120 r.p.m. The overload capac- 
it)i corresponds to a torque of 463 ton-ft. between 
‘jttandstill and 60 r.p.m.; and 11,600 h.p. between 
the speed»of 60 and 120 r.p.m. 

The cast steel Jlywheel i8«of the .biiilt-up type, 
11 ft. 6 in. diameW and weighing SO tons. The 
lywheel^t, wjiich consists of an 1,800 h.p., three- 
phase ipotor on the same shaft .as two dynamos 
3f 6,000 h.p. apd a 30-ton flywheel, is interposed 
beti^een the pc^er lines of the Sheffield Corporation 
md the main mill Actor in order to provide for the 
control of the latter and equalize the load on the 
supply fhainB. ^The main mill motor U capable of 
being revemed from full speed in one direction to full 
speed in the tther direction in three or four seoemds. 

The ^appliances for * carrying out the^ requisite 
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treatment of the manganese steel rails are arranged 
at the side of the ingoing run-out by which the rolled 
material is conveyed to the saw. A noteworthy 
feature is an electrical^ telegraph system established 
between ,the control platform and the electrical 
equipment house for the transmission of orders 
between the ^nill driver qn the platform. and tl^e 
attendant ^ the electrical equipment house. 

The hydraulic water service tfe the mill is arranged 
for a vj^rking pressure of 2 tqm^er sq. in. and is 
supplied by a set o^ three throw 'pumps driven by 
a 176 h.p. motor. • The fldor smrounding the mill is 
finished off neatly, the live roller gear being below 
the floor, and the latter representing an even plated 
surface all oW with the exception of the Uve rollers 
which necessarily project slightly, aj>ove the floor 
level. Provision is made for turning the main rolls 
in one bay of the mill where there is ample space for 
the storage of the rolls. 

Heat Treatment. Until about 189^ the subjeef^of 
heat treatment of steel had attracted little scientific 
attention. Subsequent inventions, howeyer, which 
required the ijghtest jK)BBible qjbeel purts with the 
highest possible strength and other speeific properties, 
necessitated the use of alloy steete and .made it 
essential that the^e steels should receive the proper 
heat treatment to develop their properties to the 
highest degree. Developments in £^e manufacture 
and heat treatment of alloy steels have occurred 
concurrently, heat treatment fleing of the highest 
impoHance ih contributing to the superior eiuidities 
of the product; in fact in special st^ls ft is always 
essential that the heat treatment givlh be careful 
and plbds^-Hiot that special difficulties are ii^lved ‘ 
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but that tho boheflt.s accruing from the use of alloy 
steels may not be commensurat(i with the ini‘reaH(‘(l 
cost unless the potential physical properties of 
these steels be fully developed. 

The objecit of heat treatment, is to secure perfect 
diffusion of the carbon present, and a line gt'ained 
structure free from brittleness. In order to fix the 
best treatment it is necessary to know tiie temperg,- 
tpres of the critical changes, t.he criti(;al speed of 
cooling, and the rsKcof tempering. Since tl>» special 
elements influende the posit.ion of the critical points, 
these should be determilled in each case. When all 
the constituent# of the steel have passed into a state 
of solid solution, the greatest refinement of grain 
is obtained, but owing to hysteresis it is necessary, in 
practice,toheatstoels a little above their critical ranges. 

The great work of Professor Henri Le Chatelier, of 
the Sorbonne, in the introduction of tliermo-electric 
pyrometers and his contributions to the development 
of the whole spbject of pyrometry, liave been of the 
highest importance. In this connection it may be 
mentioned that in the Address delivered on the occa¬ 
sion of his (yjnquantenalro Scientifique at Paris, on 
22nd January, 10^2,Professorje Chatelier stated that 
it was due to the inspiration of Sir Hobert Hadfield 
that he (took np research work in connection with 
optical ,pyrometry. It was on this occasion that 
Lo Chatelier wap presented with a gold commexpora- 
tion medal andt a subscription with ^which he decided 
to found the Henii^Le Chatelier Biennial Prize for 
Industrial Research. 

As aii* exam]ple of the broadmindedness of this 
great Frenchman, it is pleasing to read bis 
remarks regarSding the value of interchange of thought 
and idftas. To put it'in his own words, jas Wted 
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at tlie ('inqiiaiit(‘iiairi* “ . . . . T b(H*anio ediix>r of 
the Kevue tie Mclalhmjk. Tlie reading of fon^ign 
reviewH, tlie eorrection of i)roofs and eomispondenee 
with readers opened my eyes to a number of problems, 
and wer^ the starling point of my propaganda in 
favmir of the Taylor system. 

“ As an OKainplc of mutim,! improvements T remem- 
J|or that af|er having instructed Osmofid in the use 
of my tliermo-elect-ric; couples,* 1 learned from him 
the principles of micsroscopic jn^allography. * 

“ The works of Sir W. llobeit >4-A)iL’t-en, Director of 
tlie Royal Mint in London# inspired me with ideas, 
which are generally accepted to-day, as regards the 
constitaition of alloys. 

“ It was through the inspiration of fi^r Robci*t 
Hadfield, the scientific director pf.lJecla Works, 
Sheffield, that I took up my*researclies on optical 
pyrometry. 

“ Messrs. 11. M. Howe and A. Sauveur, professors of 
metallurgy in the United States, opCTied my eyes in 
the course of continuous correspondence, to the parti¬ 
cularly interesting problems in the metallurgy of steel. 

“ We have continually collaborated in investi¬ 
gations to such a degrep that it hps often been difficult 
to be sure which part lias originate with a particular 
individual. ^ , 

“ Osmond and, myself were never able to decide 
who was the first to compare the transformations 
of steel with the phenomena of solul|jility. On^ day 
we found ourselves completely fh agreement on this 
point of view after'an hourSs di^ussion at the end of 
which we found that we were left with ideas completely 
different from those which led up the coffversation.” 

This fine tribute to the value of*international 
oo-opAration, from so able a scientist, is well^worthy 
of record!- 
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The optimum haiHleiiiug tbmpcratiu*e of an alloy 
steel should be determined experimentally wherever 
possible, since the method of manufacture, mechanical 
treatment, size of section, etc., all influence this 
temperature. Alloy steels are not so subjeqjb to mass 
effect as carbon steel, i.e. they harden better 
throughout the mass. 

*'Heat treajtment requires knowledge^, skill, an^ 
judgment for its projper performance. Temperature 
control should al^ ys be by means of pyrometers.* 
It is not sufficient nowadays to work to such instruc¬ 
tions as “ Harden at atred heat and temper at a 
straw colour.” .The following are important factors 
in heat treatment which should receive attention— 
Adaptatiem of the proper fuel to a fumAce ; method 
of heating, ingliifling time in furnace, location in 
furnace, character of furnace gases whether neutral, re¬ 
ducing, or oxidizing; location and correctness of pyro¬ 
meters ; time of transference from the heating furnace 
to the quenching bath; shape and size of the bath; 
nature and temperature of the quenching medium. 

A study of heat treatment chould be attended by 
the study the structure and constituents of steel. 

.During Sir Bobect Hadfle^d’s term of office as 
President of the iWday Society, an important sym¬ 
posium qriginated by him was held on the subject 
of pyrometry (in 1917) when nineteen papers were 
read, comprising with the discussions 180 pc^es *, 
see Appenffix III. 

Annealing. Annelling is usually carried out with 
the object of softeniiJg steel, eithet for the purpose of 
removing the internal stresses produced*by the rapid 
cooling of Verge masses or complicated shapes, for 

* See also PyrometerB and Pyrometry, by Kzer (^iffithi, 
uniform ^th tms volume (Pitman, 2e. 6d. net) 
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undoing iho hardening effect of cold work, or for 
removing hardness arising from rapid cooling or 
quenching. 

The results produced depend on the maximum 
temperatme reached, the time during which the steel 
is kept hot and the rate of cooling. The temperatu»’e 
required depends on the nature of the steel and tlie 
Ihirpose of fhc treatment. Usually tlds temperature 
lies somewhere about 650° to^SJII® C. This treat¬ 
ment leSds to a “ balling up ” of tli# carbide and the 
destruction of the lamella pearlite constituent. 
The mechanical properties of the steel then resemble 
those of (carbon—^freo iron with an extremely low 
elastic limit and resistance to fatigue. If tjjie anneal¬ 
ing temperature is chosen just ajbojre the critical 
range of the steel, the latter is left in a stronger and 
more resistant condition. Though this type of 
treatment is generally known as normalizing, it is 
sometimes contended that delicate heat treatment 
is too expensive for use with ordinar^ steels. « 

In comparing ordii^y steels with alloy steels, 
it is sometimes thou^i^t there is an ad'gantage of 
simplicity, that the carbon steel as*the simpler 
material, does not require carefifl heat treatment. 
Actually, correct heat treatment makes so, great a 
diiler^ce even to simple carbon steels) that for many 
purposes the use of more expensive alloy steels could 
be avoided if adequate care and sk{|^ were devbted 
to the simpler material.* Greats care is given to the 
question of the chemical cjpmp^tion of steel, and 
heavy expexlse is incurred in securing adequate 
purity, but the steel is sometimes afterwdids ruined 
throu^ lack of care in heat treatment? 

* 8ef Appendix I. 



CHAPTER III 

NICKEyEi STEEL 

Nickel steel may be considered not oirt'y as one (tf 
tlft^ early alloy s^els, but also as one of the most 
important and ijiost*abundantly used. Nifkel was 
first isolated by the Swedish mineraloj^ist, Oi*onstedt, 
in 1751, but a centiuy or more elapsed before malle¬ 
able nickel was produced. Nickel steel was first 
used about 1888, and its (|ualities and merits were 
announced in 1889 in a paper read by Mr. James 
Riley (before *^tlie Iron and Steel Institute), who 
described some of the products and properties of 
alloys of iron and nickel produced originally in 
France and then in England. In 1890, a face- 
hardened (Hai^eyized) nickel steel annour plate was 
trfed, and in its early days nickel steel was used 
almost exclusively for armament purpok‘S. Sir 
Robert Hadfteld’s paper on the “ Alloys of Iron and 
Nickel,”* read be<ofe the Institute of T)ivil Engineers 
in 1899, was the fii*st correlated study of this particular 
alloy steel. Exhaustive work has also been done on 
nickel i^on alloys by the French mbtallurgists Dumas 
and* Guillaume.* 

Manufacture of Niekel^Steel. I^ickcl steel is made 
by vaijous processes, open hearth, • electric and 
crucible, and presents no particular difficulties in 
manufacture! Nickel may be added to the bath 
at any time, practically without loss or wa^e, but 

* 89e Appendix II, p. 169, Paper No. #7. 
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the ticldiiiori is usually made just long enotigh before 
tapping or pouring to become properly diffused. 
Nickel is not- used as a curative agent, i.e. it cannot 
deoxidize iron though It is thought to hinder segrega¬ 
tion of (;arbon and other metalloids. It is important 
tliat- the ingots be sound and free from blowholes 
or nickel stet4 may cont-ain seams appearing as dark 
4;oloured Ikes on the metal; rolling at a high tem¬ 
perature has been found to *lcssen this tendency. 
The scale formed oij nickel stweyfcUieres more firmly 
to the metal t han does tliat^ on cartbon steel. 

Nickel steel can be forg#d and rolled without any 
great precautions. Above 5% nickel, the steel 
tends to'become hard and difficult to work either 
hot or qpkf. Steel with 5J% of nickel •was found 
hot-short at 1100° 0. Liability U) laminated struc¬ 
ture or seams can be overcome by care in manufacture 
and forging. 

Influence of Nickel. Nickel h|,s a beneficent 
effect on steel, making the structure finer and uiore 
homogeneous, and is»pre-eminently a strength-giving 
element. The useful range of 2% to 49% is wider* 
than tliat cewered by most otji^ alloying elements. 
Nickel increases the strength, ductility and toughness 
of carbon sieel, also the ratio of the e\astic limit 
to the tensile strength, and renders the steel more 
susceptible to heat treatment. 

Structure and dassifleatibn dl Nickel Steels. When 
nickel is added to hypoeutectoid steel it dissolves 
in iron to form an iron-nickel alloy which,a)n cooling 
through the critical range, replaces floth the free 
ferrite and poarhtic ferrite of carboJ! steel. Nickel 
also*haj§ an obstructing influence on the ^^ation 
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of pearlito; the pearlite axeas axe less distinctly 
laminated than in carbon steed. Nickel up to 
about 8% reduces the eutectoid ratio below that of 
straight carbon steel. The eutectoid composition 
for 3% nickel contains 0*76% carbon, whilfs for .7% 



Fio. l8.--CoiraTrruTiONAL Diaqram or Nickel Steels. 


nickel the carbon content is 0*6%. This is of impor¬ 
tance in f case-hardening work. Nickel steels are 
classifled jbib follows (Fig. 18)— 

BtarWjo NiM Steel are those which, when cooled 
slowly, consist wholljr or in part of. pearlite. The 
nickel varies from 0 10% with the carbon ranging 

inversely from 1*66% to iiil. Hadfleld ,and Guillet 
showed t!i^ j>eai}itic nickel steels are of the greatest 
practical imp^rt^ce. They are like carbon steels 
but superior. , 

Nieka SteiOi contain txom 10,,to ^% 
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nickel, and show only a partial transformation from 
austenite to pearlito on slow cooling. They are 
like quenched steels, showing high tensile strength, 
and low elongation and shock. Tliese steels are of 
little practical interest. 

AiiateniUc Nickel Steele* Above 25% the influence 
of the nickel lowers the transformation range belcw 
atmospheric' temperature, and the steels are always 
austenitic, regardless of the carb^ content. They 
show a*polyhedral «tructure 5hl&acteristic of pure 
metals and simple solid solutions. 

Heat ^eatment and Magnetic Properties oi Nickel 
Steds. l^ewsuccessful heat treatment of nickel steel 
requires experience and knowledge. Treatment is 
based on the position of the change \)omts. Nickel 
has the property of lowering the critical points of 
iron to a marked dejgree. Each 1% of nickel, up 
to 7%, lowers the AC| point approximately 8 to 
11° C. and the Atx point 17 to 3e°C. The Ar^ 
point of 3*8% nickel steel is from 75° 0. to 100* C. 
lower than that of a corresponding carbon steel, 
and for a 25% nickel steel it is below Amospheric 
temperature. * The addition of nickel seems to slow 
up the formation of the solid solution, and therefore 
a somewhat prolonged heating at thei propesr quench¬ 
ing temperature ik necessary to effect the transforma¬ 
tion. The tendency to l^rittleness* due to mqfe or 
less prolonged heating in excess^^of the upper critical 
range is much le^ in nickel st^ls than in straight 
car^n steels. To save tir&e, nickel steels m heated 
to sudx temperatures and then cooled ^oim to ]ust< 
above the AT] point before quenching. A content 
of al^ut 8% nickel, near t^ limit of the pearlitic 
•te^, i| the h^hest useful content amenable to 



62 


SPECIAL STEHLB 


ordinary annealing and quenching operations. The 
austenitic nickel steels cannot be hardened b> quench¬ 
ing. The magnetic propeiiies of nickel steels have 
been studied by llopkinson, Barrett, Ewing, Hadficld, 



Fi(f IB.—MAaNETio Change Points or Nickel 
Steels. 

Osmond, Guilteumo^^Dumas and others, and show 
marked peculiarities. Stdel contaming ^5% of nickel 
is non-nfagnetic, in the ordinary condition, but if 
cooled to it/ becomes magnetic and retains 

its magnetic properties on returning to ordinary 
temperature and does‘not revert to iteu original 
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condition until lieated to 580-000° C. This type 
of duinge is called im'versibl<‘, and alloys containing 
25% nickel or less belong to this class. Those 
alloys which lose tlveiMriagnetic jwoperties ()n heating 
and, regain them on cooling U) the same temperature 
belong to the revei*sibl(i class. Steels with over 
40% nickel sfiow reversiblP transfonnation (Fig. 40). 
•l)r. Hansoft lias shown tliat llie critical points ob¬ 
tained by means of el<M‘trical coi^uctivity measyre- 
ments %gree very ^dosely with^hosc obtained by 
means of thermal curves and, in*investigations by 
other workers, by magnetic tests. hVom 12 tx) 
25®/o of lUickel the irreversibility Is most marked, 
and these •alloys show the highest strength and 
elastic limit. The alloys used by the cartier invest¬ 
igators all contained carbon tand^mfinganese, which 
affect the t/ransformation point/S more than docs 
nickel itself, so thg^t; the results obtained are of 
use only from the point of view of works’ practice 
in the correct treatment of nickeh steels. Diunas 
stated^that no nickel iron alloy was non-magmetic 
at ordinary temperatures except steels (iontaining 
carbon and manganese. In alloys (^ntfciining from 
27 to 31% 6f nickef lie found iioth reversible and 
irreversible v transformations and concluded that 
pure'iron-nickcl alloys between 20 and 37% of nickel 
have both. In* the nickel alloy containing 30% 
nickel, the reversible transformation produces a 
material with low hysteresis jpss and low magnetic 
saturation, whi]^ the irrei^rsible’ transformation 
gives a material with six* times the saturation value 
but fifteen times the hysteresis lo^. On^he wholes 
nickel lowers the ultimate saturation value of iron, 
buteit has been found that a nickel content of 5% 
to 7% vfuses the permeability for high inductions by 
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about 6%. This alloy may therefore And a limited 
application. 

Mechanical Properties of Nickel Steels. Above 
a content of 2%, 1% of nickel adds about 2^ tons 
per sq. in. to the maximum strength aa compared 
wi^^h carbon steel, with only slight, if Uny, decrease 
in ductility without heat treatment# A nicket 
content from to* 34% gives best results in 
structural steel. Asteel with 3^% nickel and 0*26% 
carbon has 'the Same tensile strength as a 0*45% 
carbon steel. Not only *18 the maximum strength 
raised (24 to 34 tons per 1% of nickel) but the elastic 
limit is higher than in carbon steels,^ the elastic 
ratio being about 60%, as compared with 50% in 
carbon steels. •The distance to fatigue is also 
increased to six times the fatigue life in some cases. 
From 5% up to 8% nickel the hardness is increased 
but the steel is still amenable to heat treatment. 
An air-cooled 5^6% nickel steel (0*3% 0.) showed 
the following proi)erties—Elastic limit 38 to 45 tons 
per sq. in.; maximum streng6h 46 to 50 tons per 
»sq. in.; elen^tion 25 to 20% ; reduction of area 
70 to 60% ; Izod tg|9t^5 to 35 kg. per sq. cm. 

Steels containing more than 10% nickel and up to 
18% are gompa^atively hajpd and brittle, possessing 
iiigh strength and low elongation, with a limited field 
of usefulness. 1}ie steel referred to by Arnold 
and Ifbad in 1914, containing 0*65% a and 13% Ni, 
has the following pro^l^ies—Yield point 60 tons per 
sq. in.; maximum rorength 90 tbns sq. in.; 
plongatio# 12% in 2 in. Before Arnold & Bead’s 
investigationl, the steel witl^ 16% nickel was thought 
to be the strongest of the series, but it can nojr be 
surpassetj^ by much eh^per heat-treated ordinary 
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nickel-chromium steel. The high nickel austenitic 
steels have low elastic limits but high elongation 
and contraction, also low moduli of elasticity. The 
modulus of ordinary nickel steel is 29,500,000 lb. 
per sq. |p., but for steel with 20% nickel it is 
appreciably lower. 

The minuts crystalline .structure of nickel steel 
causes the ^velopment and propagation of cracks to 
be relatively slow. Nckel steds in general use are 
somewl^t harder than the corr^y^ding straight car¬ 
bon steels (i.e. with tfie same percentage of \arbon), but 
they are readily machinable and have a lower co- 
efdcient of friction. The hardness of pearlitic nickel 
steels shows a greater mass effect when quenched in 
oil than in ^ater, so that test values are incomplete 
unless the size of section is (j^uotqd.^ 

The coefiQcient of Unear expansion of steels with a; 
high percentage of nickel is small (see Table III). 

TABLE III 

Coefficients of Linear Expansion of Nickel 


Kickekfper cent. • 

Coefflclont oil 
LlneaxJE:|pansion 

26 

• -000 018 6 

27 

•000 QUO 

30 

•000 006 6 

32 

( •000 003»6 

34 

•000.002 6 

36 

•000 001 6 

38 

• •000 000 4 

•43 

•000 006 6 

60 

•000 0160 


T 


Th8 corrodibility of nickel steel is less on the whole 
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than that of carbon steel, nrfless tlie carbon be very 
low, and decreases with the arnouni. of nickel present. 
Steel containing 30% nickel is used for boiler 
tubes which last/ nearly twice as long as mild steel 
tubes. • 

Nickel steel is tough undtir impact and the sheAring 
strength of nickel steel .rivets is lessi likely to be 
irregular than that of cai*bon steel rivet^ ^ 

With regard to t/heir behaviour at low temperatures, 
Hadfleld has 8h<\n* that nickel steel resins its 
ductility at the* temperature of liquid air. This 
also applies to the material he discovered known as 
“ llcsista,” which is a compound alloy of iron, 
nickel, and manganese. 

Case-Hardeni;[i& Nickel Steel. Case-hardening 
steels are soft and readily machined. By means of 
carburizing, the hardness of the outside is increased 
until it may equal that of tool st eel, and is thus highly 
resistant to frictional abrasion. There should be 
no^free cemenfite in the “ case ” or a liability to 
flake arises. 

Case-haii^ened steels are heat-treated as follows— 
The <Jore is refined quenghing frpm 900® 0. or 
lower for alloy steels, and the case is then refined 
and hardened by quenching from a lower temperature. 
‘Lower temperatures than for ordinn^ry mild steel are 
used in‘heat-treating nickel case-hardening steels 
owing to the effget of nickel in depressing the change 
points. • 

The strength of caiss naay be considered to be the 
, same fo9 all steels. Beam tests have* shown that 
cracks appear skin stresses proportional to the 

maxim stren^h of the core. The core with the 
highest jdeld point will* endure the highest stfesses. 
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Tinpaci tosts on case-hanltmed parts are low and 
seem to be independent of the core material. The 
addition of nieked in ease-hardened steel renders the 
core less susceptible to' brittleness, and gives more 
nnifonn results. There is a slight- tendency for 
nickel to rrisist the penetration of carbon, making the 
penetration slower than in t]re case, of straights carbon 
steels, but tl^ graduation is more uniform. The rate 
of penetration with 5% nickel steel is about half 
that of ^lain low-carbon steel., A and 5% niclel 
steels are most generally used fon case^liardening. 
Manganese increases the ability of steel t-o absorb 
carbon, but the case tends to be brittle and sensitive 
to shock, hence this element is kept low. The steel 
should be ifept as free from silicon a^ possible, 
and sulphur and phosphorus shoyld^also be kept 
low. * 

Uses of Nickel Steel. The great bulk of simple 
nickel steel, containing from 2% to 4% of nickel 
(carbon 0*2 to 0*.5%), is used for structural tj^d 
engincefing purposes, *.e. in bridges, machine parts, 
engines, large dynamos, the frame and, engine of 
automobiles, gun and^ marine forgings, etc. It is 
employed for bridges of large span only ; for moderate 
span simple ccirbon steel is perhaps as good^ and less 
costly. Another japplication is for ’seamless tubes 
for bicycles and other high grade tube into‘which it 
is cold-drawn. Alloy steel containing 3% ot nickel 
has been used for the steel ringePin |ome large dyna¬ 
mos. Steel rails cAitaining 3^^ of nickel have been 
tried by Am^can and other railroads, but iiave not 
shown any marked superiority. Siihple^ckel steel 
is also used in marine shafting, railwa^^otor shafts, 
axles, Vire, cable, etc. 
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Steel with 6% nickel or above (carbon 0-3 to 0-4%) 
posResses great resistance to shock, and is used for 
shield plates for field artillery and other bullet-proof 
plates. Steel with 22% nickel is liighly resistant to 
some types of corrosion, and has beei^ used for 
valve stems of salt water systems and for the*elec¬ 
trodes of sparking plugs. Steel witl^ 24% to 25% 
iftckel meets with some special applications owing 
to its non-magnetic properties and the fact that*t 
ctfn also be mJl|Jiiped. Steels with 28 to 35% 
nickel are* tous^i and dense,* highly resistant to 
shock, little subject tg corrosion, and have low 
cx)efficients of ^expansion (see Table III, p. 65); 
they do not respond to heat treatment, but may be 
annealed ^at 690-700° C. for machining?. Steel con¬ 
taining 36% to 38% of nickel is known as Invar and, 
owing to its very Small coefficient of expansion, 
this alloy is used for balance wheels of watches and 
pendulums of clocks, tape measures, geodetic and 
similar instruments for precise measurement. With 
very low carbdfi, the coefficient for Invar is less than 
that of any other metal or alloy kno^. The 
coefficient^ is only suppressed over a moderate tem¬ 
perature ran^B (up to 300° C.)^but notjtor contraction 
at low temperatilles. After ageing, Invar becomes 
practically constant in length. Carbon even in 
very small quantities has a mark^ effect on nickel 
iron alleys and renders them much more liable to 
undergo changed. Every care is therefore taken, 
in the manufacture»of standards of length, to keep 
this element as low As pqssible. K 
Steel jvith, 46% nickel containing 0'15% carbon, 
is known as plktinite. It has the same coefficient 
of expansioi^as platinuxd and glass, and has been 
used for the leading-in wires of incandescent lamp 
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bulbs. Steel wire, containing 38% of nickel, 
copper coated, has since been found better tlian 
platinite for this purpose. The nickel steel core 
expands less than the glass, and the copper case more, 
and the expansions of t,he core and case are so 
balanced iliat the iHisultant expansion of the wire is 
nmde tlie same as t hat of the particular kind of glass 
t^ be used. JTubes of steel containing 38% of nickel 
have been used in marine boilers^ and have bepn 
found to^ast three tiipes as longaai5$implc steel tubes. 


6—(S410) 



CHAPTRU IV 

(JHllOMTUM. STEK\.* 

^fluence of Ghromiuin. , Ohromiutn pre-eTuinently 
a hardening? ageni, great hardness being eonf(‘rrod 
on steel by from I to 2% of this element. Independ¬ 
ently of the carlt^m content, tlio hardness inc^reases 
somewhat *with( the addition chromium.' Besides 
being a hardening constitiumt, chromium raises the 
critical temperatures on heating, but ihe effect is not 
very gi'eat, 1% of cliromium raising the critical point 
30° or 4Q° C. The transition of hardtJiiing caihon to 
pearlitic carbpn.is, however, hindered by cliromium 
which i-et ards the decomposition of the solid solution 
into iron and carbon, especially wh<ui present in 
amount exceeding 3%. (hiromium decreases the 
tendency to crystalline gi’iiwlh, and gives the sleid 
fipt! or dense grain. Combined with nickel or vana¬ 
dium, this element gives the strongest ajid best- 
wearing cpmmercial steels, which can also be machined 
easily. Suefe steels are used for geara from which it 
is almost impo^ib^le to break the teeth, also for 
crankshafts of internal combustion engines and other 
parts subjected to heavy service. 

Maimiactare ^of Chrominm Steel. Chromium steel 
may be made in «ithor the open hearth, electric, 
or crucible furnace! Bpoadly s^ieaking, low-carbon 
ch^omv»m steels for case-hardenings are made in 
the open health, and high-carbon steels for heat- 
treating ares*made in tHb electric furnace. At the 

* Appendix II, p. WO, Paper No. 7. 
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teinptTat lire of molten steel, I'liromium is capable 
of reducing iron oxides. It may bo added—^as 
forroohrome—^any time during melting in the electric 
furnace, but in the open beartli live practice has been 
to add just long enovigiv before casting for it to be 
melt(‘d and become well mixed thnnigli the charge, 
(;ar<! being taken that- the <5lag is not in a strongiy 
oxidizing citjidition. The ingot moulds must be 
in good condition and tlie steel te(*njj‘d very carefully, 
Chromiiipi steel is jvork(*d by l5ie same methods 
as carbon steels, but it is always bsed in tlie lieat- 
treated condition, t-oughnes!? being imparted by the 
fine-grained st-ruciure wliich is characteristic of 

chromium ^tccl. 

• 

Structure of Chromium Steels. *Wliile nickel is 

found in the ferritci, part, of the chromium in steel 
is always found in the form of a carbide. A certain 
portion of the chromium is soluble in iron, but the 
amount dissolved never exceeds 30% o^the chromium 
present.. Chromium is associated with the cementite 
and doefe not react wifh carbon to the exclusion of 
iron. The carbide may exist as ii^)n-t:hromium 
carbide or as a solid itwi of FcjC §nd 
chromium cementite is not as readily dissolved or 
diffused ^as ordinary cement it.e on heating, nor does 
it segregate or separate to form pearlite as^ readily 
on cooling. Carbon steel containing over 0*87% 
carbon contains free carbide of iron •enmeshing* the 
crystals and tending to make the^fiteel brittle. When 
chromium is nresom., a lower percentage of car^n 
results in the formation of free carbide. l%e iron- 
chromium-carbon system i^ rather compl^, and the 
double carbides are not of definite composition. The 
criticaf temperatures of chroAiium steel deuend on 
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the rate of cooling. The micro-st.nicture of 
chromium steels are shown diagrammatically in 
Fig. 20. 

When the chromium is above 7% in low-carbon 
steels, or 5% in high-carbon steels, the steel is com¬ 
posed only of martensite. Tleat treatment lias little 
oc no influence except to 'refine t he grain. Increasing 



Fig. 20.-ObNSTiTUTioNAL Diagram or Chromium 
Steels. 


the chrontiupi above a certain limit fails to produce 
tha austenitic condition. The peariitio steels are 
those, of greatest usefulness.' 


Heat ^Treatment of Gbromimn IBteels. Chromium 
steels are aetiye in response to heat treatment* 
Chromium intensifies the sensitiveneM to quenching 
and reduces the if^bility of the steel to fracture. 
Chromium steels are very sensfttve to variation in 
the terdperature from wUch they are cooled. The 
amount of qniercoolmg^ which may occur before 
the critical Change takes place depends on the tem¬ 
perature to which the'steel has been heat^,*and on 
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the proportioTiK of cliroinium and carbon present 
in the steel. It has been suggested tliat the addition 
of chromium docs not result in the lowering of the 
temperatures of critical clianges on cooling if sufficient 
time is adlowed for the decomposition of the solid 
solutions. If the viscosity of the solid solutions is 
sufficiently high to prevent«the change taking i)laqp, 
tj^c steel is V air liardening.” It can, however, be 
softened by annealing just beloy^ the Acj point. 
Ohromiivn widens Jhe tempt»i»'g range and the 
steels may be tempered up to 700° J. 

Meohanical Properties of ChromiuiL Steels. Chrom> 
ium lias litile effect on the mechanical properties of 
annealed steel, but more improvement m (effected 
by heat treatment of clux)miupi tliam carbon steels. 
Chromium increases the elastic limit and ntaximum 
strength without appreciable loss of ductility. The 
yield point is 80% or more of the maximum strength 
if the chromium content is greater tluyi 2%. Chrom¬ 
ium also increases the hardness and resistance •to 
shock ahd alternating stresses. A very wide range 
of properties may be obtained for a^iytone steel. 
Although the • mechanical propei^ies conferred by 
chromium are of a high order, the important effect 
of the ^carbon content should not Jbe overlooked. 
3% chromium steel is a useful composition. 12% 
chromium steel hardens U> 100 t^ns per sq. in. 
maximum strength when air-cool%d from iflbove 
900° 0. ' ^ 

In (case-hardenftLg steels chromium tends to 
increase the^rate of penetration of carlN>n and 
gives a hard case.* A 81^811 amount, of chromium 
confers greater homogeneity, strength* and wearing 
qnalit&s. 
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Uses of Chromitim Steels. Chromium siccls arc 
used principally whenever hardness is desired, for 
example, in projectiles, stamp shoes and dies for crush¬ 
ing hard ores, in drawing-dies, etc.; Iheir high clastic 
limit is an additional factor whii:h makes tticm suit¬ 
able for crushing machinery. In America, chromium 
st^eel is used in three- awl five-ply pla1k‘S, i.e. welded 
together alternately with wrought irorw for burgla^:- 
pipof plates, ll^gh quality files are made of 1*3% 
carbon and 0-5^ Vhromium, steel, t'hitels and 
impact toofs, axtfs and hammer heads are also made 
of low chromium steel,*' the lattjT sometimes con¬ 
taining from 0-tJ to 0*7% carbon and from 0-6 to 
0-0% chromium. Chains and track bolts are some¬ 
times made of chromium ste(d with low carbon 
content (0-3%i). •(.h^omium steel is used for balls 
and rolls for bearings, ball races, etc., on account of 
its high resistance to wear and abrasion. The steel 
previously employed for ball ]:>carings was carbon 
steel case-hard^ed. The steel now favoured (contains 
approximately 0*8 to 1*0% carbon and 1*2 to 1*6% 
chromium, and may have a \naximum strength of 
130 tons pur sq. in. Balls of less than i in. diameter 
are usually hardened by quenching in water from 
about 776® C., and larger bAlls from about 800° C. 
^The balls may be temper^ at 200® C. without reduc¬ 
ing the liardness but the toughness is improved and 
stratus due to quenching are released. Balls of f in. 
dianieter, tested by the 3-ball method* should with¬ 
stand 60,000 lb., l4je pressure over the area of 
contact being then gresiter tliam 1,000,0001b. per 
sq. in. ^t is th^e double carbides in c£romium steel 
which increase the rosist^^ce to wear. 

The suital&lity of chromium steel for magnets 
was indicated by Professor Brown of Dubliq, in 1909, 
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who examinocl a ranf?e of steels, made by Tfadiields, 
Ltd., containing 0*75 Ui 0-5'^.^, chromium. They had 
high coercive force (sec Fig. 110, p. 104) but no advan- 
t^age was obtained by adding more than 2^% to 3% 
of (;])i‘onrfum. Pi-ofessor Bwjwri found that a steel 
containing 0*80% carbon and 1‘95% chromium 
made the belSt cliromium «stccl magnet. The \^r 
ltf*ought a trotigsten famine, and in (Germany the use 
of chromium ste(*l was rcisuscitatodjin 1917, as it was 
found tiiat witli (j^reful treatnfi3nt good magnets 
are obtained. They do not, howfver, 5*.omc up t-o 
tungsten steel magnets in dliality and are still more 
inferior to cob.alt steel magnets (p. 1*11). 

Steel containing 20'X) of (;hr(»mium is very resistant 
to acid corrosion. Steel liighly resistant. t« corrosion 
containing about 12"o chrc^iniiMu § is considered 
below. Steels containing from 7 to 8% chromium 
resist scaling, and such scale as does form is par¬ 
ticularly adlierent and affords a certain amount of 
protection against furtlior attack. 

Steel containing 40% chromium and a little mo^jrb- 
dcnum'can be boilcd*in salt and citric acid, and be 
heated to from 800 to 1100® 0. for an jnd#finite time 
without scaling. 

Rustless (Chromium) Steel. In view of t|;ie impor¬ 
tance of the metai chromium in its many apj>Ucations 
—^which include iron chromium aljoys for the pro¬ 
duction of armour plates, projectijps, axles, tyres, 
springs, motor-car and aeropfanS steels, rustless steel, 
articles to resist 4ear and* tear, and for many other 
purposes—^it\iay be of interest to trace briefly its 
history and its usbs. 

Chromium was first dif^overed by t^auquelin, Ihe 
Fren&L ^hemist, in 1797, ditring the storm;|^day8 of 
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the Republic. Then Berthier, Fremy, Boussingault, 
carried out laboratory and other experiments. In 
England, Faraday made experiments on iron alloyed 
with chromium in 1820. In 1869, Julius Baur, at 
Brooklyn (N.Y.) carried out many investigations 
and made some practical applit^aiions of chromium 
stj^el, but the first introduction of thc^steel for use 
in industrial pinposes was probably due/o Brustleip 
of the Holtzer Cojapany, who paid special attention 
to ^this particular ^oy steel, i^rustlein conimenced 
his experinfents «n France in 1875, and his firm, 
Holtzer, first supplied chromium steel for industrial 
purposes in 1877. 

Brustlein’s able work was recognized in France by 
the Soci^d d’Encouragement pour* Tlndustrio 
Nationale, wh^ awaided him in 1903 a prize of 
2,000 francs for liis work on this type of steel. 

Notwithstanding the work done by those men¬ 
tioned, however, no correlated data or systematic 
research had been presented as to the effect of 
chrpmium alloyed with iron in varying percentages 
either in this country or elsewhere, until Sir TRobert 
Hadfield’s paper on “ Alloys of Iron and Chromium ” 
was iread before the I^ and Steel Institute in 1892. 
Between 1890 ancf 1892 Hadfield made a series of 
alloys of^iron and chron^um varying from 0*22% 
up to 16*74% Cr., comprising a range cf 15 alloys. 
In seven of these alloys the carbon present amounted 
to 0*2C%or und€|f; in five of them the cwbon content 
was from 0*40% to •1*00% ; and in the remaining 
three there was from 1 * 27 % to 2 * 11 % carbon. 

Detailed iniormation was given ix^ this paper 
concerning the Method of manufacture, composition, 
forging, heat ^treatment, mechanical and physical 
tests, nucro structuro, ^and other partieuW/. In 
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thi» paper, too, the subject of Ihe corrosion of 
chrt)ndum steel, now so important a matter, was first 
taken up. Hadfield proved clearly that high 
chromium steel—for example, specimen “ L ” men¬ 
tioned ia the paper, containing 9*18% O.—^was 
quickly corroded or eaten away by sulphuric acid. 
Ue was ther«fore, the fmst to show that alloys 
ijjpn with hij^h percentages of chromium would be 
of no value under this partir.ulai’ J[ype of lest, and 
in prac^ce this hai^ proved t<i ij>e the case. This 
was therefore, a specific and practital fa^-t regarding 
corrosion, knowledge of which afterwards proved 
of considerable help in the development of the steel. 

Accomptiinj^ing this same paper to the Iron and 
Steel Institute was tlie valuable repoi^ by the 
great French metallurgist, Ihio^essor Floris Osmond, 
who was an intimate friend of Sir Robert Hadfield’s, 
in which the following statements were made with 
regard to the two speamens “ J ” and “ L ”— 

As regards Specimen 1176 J, 0*77^% C.; 0*50% 
Si.; 6*19% Or.; “ This metal is characterized Jjy 
the presence of a nuihber of small white points of 
great hardness and brilliancy, whid^ aie scarcely 
at all attacked by thCoacid, as (fhown by the photo- 
jgraph. These white points, which we found to be 
still mope numerous in saipple “ L,’\appear to be a 
compound of iron, chromium, and carbon. The 
matrix has the structure of hardeijed steel, and is 
entirely composed of simple cells of t^ut 0*00 l*mm. 
diameter. The photograph ^ho^s the white points 
well, also the fact tfiat composite structure is absent.*’ 
Oonceming^pecimen 1176 L, 0*71% C.^ 0-S6% 
Si.; 6‘18% G(.: '**As regards the sp^mbn annealed 
at 1320** G., the amount of chromium i^much higher 
than & “ J,” and the transformation of th^ matrix 
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into hard meiAl ‘ little capable of being reacted upon 
by acids ’ and no longer showing the reaction of 
liard(!ning carbon, is almost complete. The etching 
with nitric acid may be continued as long as two 
minutes without sensibly altering the appearance of 
the sample.” » 

/The same facts also af^i^ly to th<i thtec steels— 

Si)ecimen 1176 M. 1-27% C; 0-38% Si 1 M3% Cr f 
„ 1176 Hi, 1*79% C; 0*61% Si; 1.5-12% Cr; 

„ J176 0, •^12%C; l'20%Si; 16-f4%Cr. 

It will be seen that thfi above specimen L, and the 
three st eels M, Nj O, were all f(.)renmners of the present 
rustless steels. ^ 

In his fonclusions regarding the chromium steel 
alloys mentiontd,«()siyond stated that as the amount 
of chromium increased, a compound of iron, chromium 
and carbon appear(‘,d to be formed, which was 
only partly at/tackcd by acids and possessed great 
hardness. 

It will thus be seen that/ as a result of the researches 
of Hadficld and Osmond impold/ant information was 
obtained i« tj:ie development of chromium steel of 
various types, including steel of a ccmiposition not 
very dissimilar to that now used and known as^ 
rustless ^teel. .In mentiqping this early work it is 
not witlj any desire to detract from the excellent 
work of severed investigators. As regards 

corrosion qualities, the facts set forth by Hadfleld 
and Osmond, wlio tjjorked together in the matter, 
were certainly the earliest*recorda ^demonstrating that 
the resiHance of chromium iron alloys varies with 
the nature <ff the ^.ttackin^ acids. * Such steel was not 
further developed at the time because it was then 
most dil^( 2 ult to obtain suitable chropnium or 
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fem)-chn)niium of Iht; required low carbon type, at 
any rate at prices wliicli would enable industrial 
products to be manufactured. 

The characteristics of the present non-rusting 
clirgmium steel are the j)!t)duct of many minds 
and mm'h research. Sir llobtiii lladfield in liis irdiD- 
ductory tuldrftss at the symposium on “ The Corrosimi 
^ Metals ; jFerrous and Non-Ferrf)us,” also in his 
contiibution to the discussion on ^is paj)**!* entitlefl 
“ The Corrosion of d^Vri*ous MHits,” refid before the 
Inst, of (.^ivil Engineers on 4th AjJiil, 1?)22, pointed 
out that full credit should be given to Messrs. Thos. 
Firth & Sons, Mr. ,11. llrearley, Jmd Dr. W. II. 
Hatfield, fo^tlie work they liad done in developing 
elm mium steel jiossessing high rust-resist in#; qualities. 

In a imper entitled “ Staird(;ss Steals ” read before 
the Midland Inst itut e of Mining, (tivil, and Methanical 
Engineers on 8th April, 1922, Dr. Hatfield stated 
that it was in “ 1912-1912 that Mr. Harry Brearley 
discovered that the 12% to 14% chromium steels, 
when in the hardened condition, resisted successfjilly 
generaf atmospheric and many other active influences 
which lead to corrosion.” 

It has been pointed out by Div .^tchison and others 
that rustless ^teel is not one steel but a group of 
steels. V They are generally made . in tl\p electric 
furnace, but with proper care can also Jiic made 
successfully in the open ^ hearth. • Tlie percentage 
of chromium lies between 11% and 16%, an^ the 
carbon content is usually less^than 0*45%. If the 
carbon is lowered^he chromium may be lowered too. 
Silicon gives a cleaner and sounder metal an4t neutral¬ 
izes the effect of ^bon, b]^t it is kept l^s^than 0*3% ; 
manjjanese is less than 0*6%, and sulfur and phos¬ 
phorus %re kept as low as possible. A little nickel 
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is sometimes preselifc, but it possesses no beneficial 
effect. If the cutting pi' 0 }>erljcs arc of subsidiary 
interest, the carbon may bo as low as 0*15 to 0*20%. 
As mentioned above, chromium has the effect of 
lowering the eutecioid composition of steel to a 
considerable extent. With 12% chromium, the 
ei^-ectoid occurs at 0*3% carbon aftd this steel 
consists almost entirely of pearlitc. It^is only tlp^ 
amount of carboi^which goes into solution at the Ac 
point, 800-830° C., he rest of t^^e carbide di^lving 
progressivelj- ovec a range of about 200° C. The 
sulphur present seems to be in solid solution. The Ar 
point occurs at about 750° C., but the steel possesses 
marked air-hardening properties, lligh-carbon stain¬ 
less steel* is austenitic and rather soft, but not 
machinable. It •becomes hard when stressed or 
tempered. 

Mechanical Treatment of Rustless Steel. Great 
care is required in the mechanical treatment of 
ru^less steel owing to its air-hardening properties. 
When the carbon is less than 0^%, the steel ft easily 
forged under tjie hammer; if the carbon lies between 
0*2 and 0*4% the s^^eql can only be forged into simple 
shapes ; and when the carbon* exceeds 0*4% the steel 
is difflculj to forge. Aboye 0*6% carbon, the steel 
has great strength at high temperatures. The 
forging temperat^ is usually about 1000'* C. Forg¬ 
ing bbgins at 11^0° G., and should not be continued 
below 900° 0., in fiftt, the temperature range 800 
to 850° 0. is to be avoided. If ftie steel is forged 
.belo^ 839° 0. it will be cold-worked.. flktter forging 
or rolling, ihe^steel shoul^ be co6led edowly in the 
range 800 to *600° 0. to enable the carbon change 
to takejplace so that the steel may become* soft. 
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Rustless steel may be drop-stamped between 1200 
and 1000® C.; any fashes formed should be removed 
while hot. 

Heat Treatment of Rustless Steel. When the 
earbon content exceeds 0*25%, rustless steel possesses 
the useful pi^>perty of air-lxardcning, this capacity 
increasing mlh the temperature to wliich the metal 
IS heated, with free cooling from 900® C., a ball 
hardne^ of 500 is attaine(^ air-hardeifing 

property induces a lessened tcnjencyr to cracks, 
warping and soft spots U.t requires care in the 

, JTABLE IV 

Temper Colours of Rustless Steel 


Temperature," C. 

Tertper (foloHrs. 

300 1 

Straw 

350 

Brownish straw 

400 

Brownish purple 

450 

Bluish purple 

500 

! Reddish })urple 

550 

Purple blue 

600 

Light blue 

650 

Bluish violet • 

^00 

Greyish aiolet 

,760 

Grey 


course of manufacture. The steel may also be 
hardened by quenching in oil or water froth 020® C., 
the choice ol hardening medium appending aa the 
section under treatment and Ihe ^rdness desired. 
Properly hardemld rustless s^l has a martensitic 
structure wif\globules of the double iron-«)m)]!iium^ 
carbide. To sSIten rustless steef machining, 
filing and chipping it is Innealed at WOO to 750® G. 
In tftating this steel the*use of a salt bath is 
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ad\'isablc, and t-cmpcratun?^ should be controlled 
by pyrometer. As a matl-or of interest, the 
temper colours of rustless steel are given in 
Table IV, as they are not the same as those of 
carbon steel. 


^JUechanical Properties qf Rustless Steel. The range 
of tensile strength obtainable varies witji the cnrboji 

content approximately as follows— 

% 


(jarhon. 
O’l to 0*2 


0*2 to 0-3 
0-3 to 6-4 


Tensile 
Strength. 
40 to 80 
4.7 to 90 
60 to 105 


Hardened in air from 950° C. or in oil*from 920° C. 
and preferablydbemper^d at- 200° C., a tensile strength 
of 100 tons per sq. in. is obtained {see Fig. 21). For 
engineering purposes the steel is generally hardened 
in oil by quenching from 900° to 920° C. and tempering 
at 650° to 750°^C.; the mechanical properties shown 
in jpablo V are then obtained— 


TABLE V 

Mechanical pROwii^TiEs of Rustless Steel, as used 

FOB EnGINEERINO PURPOSES 

. * ' * 

Yield Point, 30-55 tons per 8q.«ui. 

Mtfccimum Strength, 45-66 tons per sq. in. 

^ Eldngation,*28-15%. 

Reduction <*Df Area, 66-36%. 

Izod Teat, 70-^ft.’-Ib8. 

Itf tethering, there is not much ch^^ge in tensile 
properties betw^ 660° and 760®'o., and therefore 
very great care is not nlcessary. Up to 600° C., 
the touglmess increases without much fall in hardness, 
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but the ball hardness drops (considerably in the 
range 675° to (i50° C. Th(‘r(‘ is a drop in the Izod 
test on tempering at 600° 0., indicating a tendcn(!y 
to brittleness at this temperature. The coefficient 
of expan^on of rustb'ss steel is O-OOO 010 0 per 1° C. 



Fia. 21. —^MwcHiiinoAL PkoAcbties of RusTLEfe Steel. 
(Jarbon 0-30'/o *, (shromliuu lii% ; air-liardeneiV 


Besistanoe to Corrosion. Bustless s!ecl is practically 
unaffected by moisture, fresh* and salt water and 
such organic'Mcids as occur in fruits. is# not 
affected by v?l!»iar unless tempered, to 700° C. 
Hustless steel is resistanlf to strong V weak nitric 
acid dbd concentrated or dilute solutions of ammonia 
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whether cnld or boiling. It is not resistant to 
sulphuric acid and caustic alkalis. It may be etched 
by a mixture of concentrated hydrochloric and nitric 
acids, or by a saturated solution of ferric chloride 
in hydrochloric acid. * 

The way in which the material is heat-treated 
affects its iion-rusiing properties. Maximum resistance 
to corrosion occurs in the hardened condition, but it 
is not much dimmishod by tempering up to 700° 5 . 
The resistance to corrosion is not merely sj^in deep 
but the suilace sliould be smooth with a good polish 
and free from strained* parts. If the material is 
scratched, tom or distorted, it has been cold worked 
to some extent, and tliis is 'detrimental. Special 
care and attention should be given to grinding rust¬ 
less steel. Ipgb‘Carbon steels (with more than 
0*5% carbon) are more subject to corrosion than 
low-carbon steels. 

Rustless steel does not scale appreciably up to 
800®-850° C. It is twenty-five times more resistant to 
scaling (as measured by loss in weight after exposure 
for a detimte period to oxidizing conditions *at high 
temperatures)^ than is ordinary carbon steel. It is 
also better in this respect than 25% nickel steel and 
high-speed steel; ^jonsequentlj^ it has met with some 
application for aeroplane engine valves and similar 
.purposes! In addition iis strength, and to some 
extent ifb hardness, are well retained at these hig^ 
temp3ratures. ^ 

When the chromium content is increased to 
14-18% and from 2-^% of silicontis added the steel 
is stbit^ix) be rustless in the untreate^4k>ndition. In 
addition tor being made into cut^ry this material 
is also used fer valves andf similar parts which must 
resist sc^ng. 
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Applioations of Rustless Steel. Tlio commercial 
utilization of the non-corrosive properties of high 
chromium steel has been rt^garded as one of the 
outstanding events of the last decade in the metallur¬ 
gical, worlfl. It has been applied to all classes of 
cutlery, including razors and surgical instruments. 
It can be drawn into whc ffnd stamped into dishea. 
liamay soon of general use in the workshop, and 
its application to docks, ship construction, aad 
bridges \#ould offer great a<lvanfafes. Tlu^stless steel 
has recently been tried in the formdf turbine blades. 
Experiments cairied out by l)r. W. Hatfield, Messrs. 
Thomas Pi^h and the British Thomson Houston 
Co., at both«the high and low ]>ressure ends of a 
turbine, demonstrated t hat rustless steel blfcdes were 
practically untouched while tha standfii'd 5% nickel 
steel blades were corroded in the usual way. The 
mechanical properties pf the two materials were as 
in Table VI. 


TABLE VI 

NflOKUL ^TBIiX AND ChRoIiIUM StEUL FOBTuBBINU BlADBS 



Chromium 1 
• Steel. 

5% Nickol 
Steel. 

Yield Point, tons per sq. in. .• . . 

Maximum Strength/^tons per sq. in.. 

44 1 

9 26 

54 

55 

Elongation, %. 

20 

• 31 

Beduction of Area, % . . ' . . 

• 60 

61 

Ball Hardness.^ ^ 

-:- ,-J-. 

255 

150 


In a hydrai&El^^ump, a rustless^ steel fluu wa 
only worn one-seventh ae^much as the *non-ferroui 
rams. 

In ^s^connection, trials may be mentioned whicl 
7—(S410) 
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have been made by Sir Robert ITmlfltsld on forged 
pump rams madt< of rustless chromium steel, at the 
Hecla Works, HhefTield, under conditions such thal. 
frequent observations could be made of the behaviour 
of the steel. The conditions under wliicli the test-s 
were made were somewhat severe, the water passing 
tZirough the pump in a (;irculating^ system, and 
becoming very muddy owing t^o the iro?. oxide resu-’t- 
ing from the corn >sion of t he pipes. Kams of ordinary 
steel were^^ found ’ uhsuit able, due to rapid rusting 
and pitting, anti ordinarily pliosphoi* bronze ranis 
were used. Aft er two years’ service these were very 
much worn anti had to be machined to a smaller 
diameter; they then lasted for a similar period before 
being di.icarded. The ram of nistless steel was 
examined after b(‘ing used for a period of eigliteen 
months, and from the iKJint of vitw of tjorrosion, 
it was found to be in perfect condition, except for 
a few alight pit marks ; the amount of wear was 
only 0*01 in. on the diameter. The results have 
fully just-ified the use of Uda ^teel for such purposes, 
even though its cost is higher than that of ordinary 
steel. 

Ah interesting application of rustless chromium 
steel during the war was its use to resist the severe 
oorrosiv? influences to < wliich certain naval con- 
structiqns were exposed. As an dxample there may 
be mentioned 6he diaphragms used in connection 
with submarine work, of wliich large numbers have 
been made of “ Gaj^ad ” non-rusting steel at the 
Hi^eld Works in Sheffield, ^^ese diaphragms 
are usdd for talking up vibrati^^m hydrophones, 
and consiclemble difficqjty hacLbeen experienced 
with such parts of submarines. After exhaustive 
tests 6h6 rustless steel described above quickly 
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proved its superiority; in addition to withstanding 
sea water attack, the acoustic, projierties of this 
steel proved to be supcarior, for example, to those 
of high nickel steel, whicli is fairly resistant to 
corrosion.* The acoustic qualities depend on the 
hardness and the elastic limit of the material, which 
properties are quite high iff the case of the rustless 
sieel. It nu-y be mentioned that tliese rustless 
steel diaphragms aftc^r being imme.'^ed in sea wa^er 
uruler sAvicc condit4i>ns for six* Aonths, were found 
to be in practically the sairu? condition as when 
first fitted. The act ual loss of metal due k) cori*osion 
during the period of immersion was practically nil— 
a rcmarkabU testimony t-o the non-rusting quality 
of this material. 

Rustless Iron. Kustless iron is really rustless 
steel containing about 0*1% carbon. Soon after 
nistless steel was .first manufactured it was found 
that rustless iron could be producexl*by much the 
same pijicess except ffg* the use of a smaller quanttt-y 
of carbon-free ferro-chrome. As this essential 
product in its manufacture is expeifeive, rustless 
iron is more costly tlian rustlfessi steel. Ordinary 
ferro-chrome contains from 5 to 9% carbon. 

Rustless iron is usually made in the electric'furnace. 
It is softer than rustless steel and readily fcv*geablc j 
from four to six times as much forging can be ^done 
in one heat as on rustless steely. Jt ciSta be tempered, 
its maximum strength varyinp^from 70 to 30 tons 
per sq. in. aqcor^g to the heat-treatment giyen. 
Because of its Y^iJleability, it has wider fange of 
use in forging, pi*essing ind drop ^^unping than 
rustleeip steel, and is more^ readily machined. A 
useful appli^tion is in the production oil sheets 
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for motor-car hoods, wheel discs, etc., and its use is 
in contemplation for motor car bodies and in replacing 
nickel plated parts and other produc1>s subject to 
corrosion or tarnishing, thus eliminating painting 
and varnishing. It is expect-ed in somb quarters 
that rustless iron will modify the light metal industry 
ih the futiue. ' Althouf^n it is more expensive than 
brass, it can be kept clean more easily. - The mechan¬ 
ical properties ef rustless iron make it suitable for 
the production of* mtricate ditop forgings^ weldless 
drawn tubes, st9ip and^wire which may be made up 
into door mats, spring mattiresses, necklaces, watch 
chains, etc. It is used for t^e production of golf 
clubs, kitchen utensils, shop signs, dovr plates, etc., 
and maf be used for the furnishings of railway 
carriages, en^es and rolling stock generally. 

Simons and forks made of this alloy take an 
excellent polish, slightly darker than but closely 
resembling silver, and withstanding wear and tear 
much better ^Jian the latter. Rustless iron sheets 
w4th a high polish are also u^ed for mirrors, 
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SILICON STEEL 

Effect of ^COn. Silicon is soluble in iron in quan¬ 
tities up to 15%, and has a double effect. Part of 
it combines wU^h the iron and remains in solid solut ion 
during cooling of the alloy, while a smaller part 
reduces the iron oxide present. Silicon is a powerful 
deoxidizCT, and lias a tendency^ to i*emovc gas^s 
and oxides from steef, thus preventing tha fornmtion 
of blowholes and giving the steel greater soundness 
and touglmess. It is about four thnes as active 
as manganei^e, but ejfcess beyond about 4% makes 
the steel hard^) forge and roll. Silicon is detriment^,! 
to welding if the carbon-content is h^h. The first 
additions of silicon to steel produce no effect on the 
microstructure except increase the grain size. 
With 2% silicon, the grdin becomes quite coarse and 
cannot be altered entcept by considerable mechanical 
working. If the silicon content is in(!teased to 6%, 
the carbon present maf be partly carbide and partly 
graphite, but the whole can be precipitated as graphite. 
With more than 7% silicon, the mphite is embedded 
in a ground mass consisting of th^ solid solution of 
PeSi in iron. Carbon in the form of graphite has 
a much less damagi|ig effect on the magnetic pkiperties 
of iron than in the dissolved state or in the form 
of cementite. {See also Sir Robert fladfleld’s piper 
on the Alloys of Iron and Silicon, Appendix II (2), 
No. 4.) 

Silicon stee^^^ generally made in the a(4|d open- 
hearth fumace.^‘'^(^ silicon must be added to the 
bath only a short time beft>re teemingcts the metal 
79 
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is readily oxidized. Owing to the shoii time available, 
the silicon is usually mlded by means of feiTO-silit5on 
or specially liigh silicon alloys while hot or in tJic 



Fia. 22 .— MfcuANioAL I’nopERTitss or Annealed 
SiLiooN Steels. 


molten state. Care #liould be talten in rolling silicon 
steals as they are liable to bo crajked by heavy 
reductions.^ 

MeohaaioalTropeiiieiofSiBoTO The strength 

oI ironsis increased subtly by the addition of aUicon 
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ill proportion to the amount added up to about 
4%. Up to 2% or rather more the elastic limit 
is raised without appreciably impairing the ductility, 
and 3^% silicon steel though quite stiff can bo bent 
at right viglos. With 4% silicon and above, the 
elongation and reduction of area are nil and the 
alloys are quite brittle. 'J'lie maximum strength 
also decreases when tlie silicon-content exceeds 4% 
(^ig. 22). This may be due to the formation of 
graphite^ and the yi^dd coincid^s^with the breaking 
point. Alloys of iron with more tiffin about 5% of 
silicon are not forgeable. Unlike carbon, silicon 
does not confer uixm iron the property of becoming 
hardened when quenched in water. Silicon steel has 
low resistance to impact which is not indjcated by 
the usual tensile test; it also shows nicked weakness 
when broken transverse to ihe direction of working. 
As the eilicon increases it is more difliculi to stamp 
the steel in the fomi of sheets. The magnetic 
properties of silicrfri steel are discussed below ; in 
practice an economic balance is struct between the 
mechanfbal properties,* the magnetic properties and 
the cost. 

Magnetic Properties of Silicon'Steels. Between 
1896 and 1900 Sir Bobert Hadfleld inade a large 
number of alloy steels, and with the collaboration of 
Sir William Barrett, investigated their Magnetic 
properties. The results published in*^1000-02 shewed 
that the only two which appeared^ to be of commercial 
value were the irom-aluminiun# and the iron-silicon 
alloys, both pii^duced by Sir Uobert Hadiisld. •On 
account of the ^iit»ch lower cost an.^ ihe greater 
ease and uniformity with^ which the etilicon alloys 
could t>e made, efforts were •concentrated op those, 
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The 2i% silicon st^l, rolled into sheets, had 25% 
higher maximum permeability and a hysteresis loss 
two-thirds that of pure iron. The electrical resis¬ 
tance was also increased at the rate of 10 to 12 
microhms per cm.-cube for each 1 per cent^f silicon 
added; this is an advantage as it reduces the 
eddy-currents loss. ^ «• 

After overcoming many difficult ies tl^s remarkable 
discovery eventually led to the adoption of the 
Heulfleld material, i/i transforpers and plectrical 
machinery.* Th(v, performance of transformers, in 
particular, depends on the characteristics of the iron 
used in their construction. At the beginning of the 
present century the best transformer sheets were 
made of l^wedish cliarcoal iron having* a maximum 
permeability of. about 4,000, and a hysteresis loss of 
3,000 ergs per cu. cm. per cycle. A type of mild 
steel, known as “ Tjohys,” was made by Messrs. 
Sankey, and possessed a maximum permeability of 
3,800 and a hysteresis loss of about 3,000 ergs per 
cu. cm. per cycle, the maidmum induction being 
10,000 gauss and the frequenc^f 00 cycles per 4ec. 

The ageing; properties of these materials were 
such that, in many caps> the losses increased to double 
or more in a few'montlis, necessitating dismantling 
tbe transformer and annealing the iron sheets. 
The Hadlleld ibw-hysteresis steel, however, shows 
no ageing in fact, the material usually improves with 
servio^ (see Fig;. 24). In addition tp the higher 
permeability th^ iron for magnetic forces below 
saturation, the coercive force and reteutivity were 
radioed to nearly half those of stand^ iron. 

Messrs. Sankey, who acquired tlcST&dfield pat^ts, 
have produced very large Quantities of this material 
under t^ trade term ** Stalloy*” 
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In America the licensees f^rere The United States 
Steel Corporation, tlirough their subsidiary com¬ 
panies the American Sheet and Tin Plate C/ompany, 
the General Electric Company, the Westinghouse 
Electric and Manufac^turing Company, *also the 
American Rolling Mill Company. 

It is not often that an invention can be followed 
in*detail from its source, but in this case it is easy 
to do so. The first transformer made by Hadfield of his 
loiff-hysteresis steel^i^s built iri^]903 and, ycigliing 
only about 80 Ib.^ was really a laboratory apparatus. 
Tile success of this experiment was so gi-eat that 
immediately afterwards the Sheffield Corporation 
made two further transformers *of the Hadfield low- 
hysteresis material, of 40 and 60 kW capacity. 
These have bjen running ever since 1905 and 
1906 respectively, an<f the material in them, when 
tested in September, 1921, was found to be of even 
higher efficiency than when first put to work, that 
is there has been no ageing or diminution of quality, 
but on the conWry an improvement. Tliese three 
traifsformers are shown in Pig.*23. • 

This material has been found of immense benefit 
to users of electrical machinery in which the main¬ 
tenance of low hysteresis loss is of primary impor¬ 
tance. It has been estimated that the total saving 
effected id coal alone has fi&rcady reached 60,000,000 
tons. In* addition to this, there are the resulting 
advantages and economies which the new material 
has made it possible to effect in the design and 
construction, also the Aving in copper in transformers, 
dynamos ^d other electrical appara^. 

The results ft this inventioif’^Se emphasized 
because theyasliow how ^‘from small beginnings 
great things spring.” Thus from a small experiilient, 



'ON Sl^EEI- 


85 



imds, tlie present day lar^;e scale 
^adfield lt)w-hystcrcsis material 

q;o>5> 

I I I I I I I 11 


has evolved. jOf such magnitude has it ;)ecc*ne— 
and it will bo still'greater during th#ije^ ten years— 
that in 1921 Dr. Yenseh, in estimating the total 
saving to the world during -the first seventeen years 
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after th(i iutnidueii(^n of t}ie*Hadfield low-hysteresis 
steel, calculated that it am(»unted to the immense 
sum of 340 million dollars which he said “ woidd be 
nearly enough to build the Panama (^anal.” 

Fig. 24 shows the (!ontinual saving i^ energy 
consumption cffoct^ed by the use of low-hysteresis 
material in the 40 kW transformer mentioned above. 
Tlie actual saving would in point- of fa^t be greatej* 
than the figures shown as, in cx>mparing tlie magnet-- 
izidg losses with tl|psie of t-pansfyrmor iron, j|^e well- 
known ageing qi^alities of the latt-er material have 
been neglected. 

The remarkable magnetic properties of silicon 
steel are brought out by a do*uble heat t.reatment 
which consists in annealing the sheets*at 1070® to 
1100® C. for seyiral hours and cooling quickly, then 
reheating to 750° 0. and cooling slowly, although 
a single tr(jatment at about 800-850% is sometimes 
employed. Annealing decomposes the comentite 
(FegC) but the temperature is hot carried high 
enough for tfie carbon to pass into solution. 
Th^ steel should contain tfie smallest ^ssible 
amounts of carbon, manganese, and other impurities. 
Increase in grain si^ increases the • eddy-current 
losses and permeaffility, at least in low and medium 
fie^s. ^ 

Transformers 'of the Hadfield silicon steel were 
first madfe in the United States in 1900, and in 
1910 Dr. Morton*0. Lloyd calculated tlgi-t this steel 
was saving that coutitry about ten million dollars 
worth of electrical enirgy per annum. 

Difb to the improvements effected in^nanufacturing 
processes and tlie use of bettcr^tffw materials, it 
is now possible ^o make tlie 4% silicon alloy with 
an energy loss slightly^ greater than 1 waif per 
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kilogram, instead of 1*8 waits per kilogram* obtained 
when the material was first produced, and the 
permeability may be increased to 8,000. It has 
also been shown that the material can be still 
furtlier improved by special methods (see Table 
VII). 

In 1915, Df. Trygve D. Yansen, of the Westinghouse 
iaboratory, jpublished liis results on iron-silicon 
alloys melted in vacuo. The crystal size was much 
greater 4han in the less piu^ allojfs, and the ductility 
was greater due to the absence*of c&rbon. The 
limit of forgeability of these Special vacuum alloys was 
7 to 8% silicon, byt a brittle rcft'-ge occurred at 
2‘5 to 2*6%. The tensile strength of the 4*5% 
alloy attained 52 tons per sq. in. As regards mag¬ 
netic qualities the best alloys conin^ined 0*15 and 
3*4% silicon respectively and, after annealing at 
1100* C., showed hyst 9 resis losses one-half and one- 
third of those of the corresponding commercial 
alloys. With redned methods of ]^.paration and 
vacuum heat treatment, these alloys have a maxiy^iuu 
permeability of 40,o5o or higher, and a hysteresis 
loss of 300 ergs per cu. cm. per cycjp (^pr Bmax ~ 
10,000 gaussf. Bars x>f commercial silicon steel in 
which the carbon has been reduced to less than 0*01%, 
by annealing under oxidiidng conditions, ^have also 
shown these superior properties. 

High Silicon Alloys. Steels of high 8ilicon-(X)ntent 
are used on account of theft high resistance to 
chemical action,* e.g. as containers <for sulphuric 
acid. Commercial alloys, like “ Duriran ”* and 
“ Tantiron ” (TalJle VIIJ), and “Jlrortac,” contain 

* With maximum induction V),000 gauss and at 60 cycles 
per sec. is bo^i oases. 
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about 14% silicon, but expermieiit has shown ihat 
over 20% silicon {corresponding to FcgHi) must be 
used if the liigliest resistance to coii'osion is to be 
secured. IJnfoiiunately these high silicon ferro- 
silicons ar? fragile. 

Tantiron is used for towers for concentrating 
acids, and Irdnac printdpally for tubtjs and fittings 


TABLE VIIT 

CoMPOSinoN AND Stubnotii of DuajKON AND Tantikon 



Durirnn.' 

Tantiron. 

Silicon . .' . 

% 

14-1.') 

Carbon . . . 

0-2 - 0-0 % 

0*75-h25% (graphite) 

Sulphur. 

O-Ol- 

0-05-0-15% 

Phosphorus. . . 

O-Kt- 0-20% 

0-0.')-‘S-l()% 

Manganese . 

0*25- 0-35% ’ 

2-00-2'50% 

Tensile Strength . 

1 that of 
^ cast iron 

6 to 7 times 
that of cast iron 

j- 


used in^ the manufact?ure of nitric acid. “ Cori*os- 
ii*on ” is another high-silicon alloy al^ resistant to 
corrosion and nrusting. ^ 

M. S. W. Parr publisiied in Ameftca the data given 
in Table IX, illustrating the high resistance of 
ferro-silicon to attack by 25% nitric acid.* 

Other Uses of Silicon Steels. ^ During the Grea^ War 
use was made of quaternary ^silicon-nickel steel, 
the nickel being 'V^^sent in iA>out th® customary 
amoimt used in nickel-chromium steels. Thase sfeels 
are not easily ma<I^, but^if careful^, prepared and 
suitably treated they combine high Strength with 
conBidera])le toughness, and ‘possess high resistance 
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to impact, making them in s^me respects suitable for 
bullet-proof plates and similar purpcises. 


TABLE IX 


Resistanck or Various Metals to 25% Nmtric Acid 

Percentage 

Mctiil. • Dissolved 

In 24 hre*. 

Pure Iron . • . 

.j 100 

Aliuninium (co^jimercial) . • 

.> 5U 

Monel . 

19 

Nichromo (90/10) ». 

•1 8 

CopiKir-Aluminium (90/10) , 

3*5 

Ferro-Silicon . . .• 

.: 0*1 

-I_ 


Mild steel ^ntainyig 0-25% Si has been used in 
several American bridges as it can be rolled into 
sections of lighter weight wliich, however, possess 
the same strength as the heavier mild steel sections. 
This type of steel was used in the'construction of the 
Lusitania and Mauretania. 

Silicon steel (3 to 4% silicon) is employed*for tele¬ 
phone dicyphiyigms as sounds of the same intensity 
can be produced wit]ji considerable sarihg of electrical 
energy. Silicon steel of an d,verage comporition— 
cs^bon 0*6%, silicon li J)o 2%—^is sometimes used 
for springs. In spring steel of this type, the man¬ 
ganese-content Js usually higher than in ordinary 
steels, being generally about 1*6 to 2%, hence these 
alloys are usually kifcwn silico-manganese steels. 
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MANGANESE STEEL 

The first syst-oniatic investigation of alloys of ii^n 
and nianganeso was made by Sir Robert HadJfield 
in 1882, when he invented the si cel which canies 
his naine. He showed that ffy^ inertasing the 
manganese content beyond, about 2i% the steel 
became; seriously embrittled—this wgis partly known 
—and lie 'further showed that by increasing the 
manganese (;flntent above 7% an entirely new metal 
was produced, the alloy containinjj IST to 13% ' 
manganese possessing great>er hardness and toughness 
than liad previously been supposed jKissiblo in one 
alloy steel. This conlplete research was the first 
of its kind, and fixmi it the modern field of alloy steel 
research has developed. The varicfiis papers by 
Hadfield on rnanganeSi steel are shown in Appefifiix 
11 ( 1 ). ‘ 

. The original castings of manganese steel produced 
by Hadfield, which were first exftbited in 1887 on 
the occasion of his paper read before the Institution 
of Civil Engineers^ are sho^ in Pig. 25. Mditional 
applications of manganese steel at an early*date are 
shown in Pig. 26, which ^ihotogra^i was tal^n in 
1892. 

Influence of Manifanese. Manganese is ai^ element 

always found in steel, 80% ferro-noangpnese being 
usually added to the stell at the time of tapping 
or in Uhe ledle^ in order that oxygen may be absorbed 
91 
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from tlio bath and' t-ransfcrl’od to the slag as oxide 
of inanganeso. Manganese also prevents the coarse 
crystallization winch sulphur and other impurities 
tend t o induce. The maximum temperature to which 
it is safe to heat steel during manufacture and subse¬ 
quent treatment is raised by manganese which resists 
separation of the crystals on cooling? and confers 
tlie quality of “ hot ductility ” on ^he steel. ^Tn 
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Fia. 27.— Constitutional Digram or Manq^ese 
Steels. 


c • 

other words, manga|icse preyents “ red shortness ’* 
and adds toughneSs to the finished product. 

^ Manganese destroys tjie magnetic susceptibility 
of iron,' aboul 16% of the element rendering 
the iron*; virtuajly non-magnetic. When carbon is 
present, as in commercial manganese steel, a non¬ 
magnetic alloy is oMained.with a smaller percentage 
of manganefie. 

Another property of manganese is its tendency to 
increase the stability of air-hai^emng steels. 

The constitutional diagram of manganese steels 
is sho^ in Fig. 27,* The alloys of comfiiercial 
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value are the austenitic steel containing 11 to 14% 
manganese and 1*2 to 1*3% carbon, and to a lesser 
degree the pearlilic manganese steels (joritaining up 
to 3% manganese. The term “ manganese steel,” 
however, •conveys to the mind of the average man 
connected with the metallurgical industry the alloy 
containing aTJout 1 -3% carbon and 13% manganese. 
TJiis inventioT^ of Hadfield manganese steel was tiie 
first industrial application of steel containing such 
high pen^entages of«the alloying ^slemcnt. 


Fearlitic or Low-Manganese Steely. Above 0-5% 
of manganese, the streSngih of carbon steel is increased 
without the^ elongation being much diminished. 
From 1 to 3% of nuinganese imparts a Higher and 
better-defined elastic limit, bifb the cHictility begins 
to fall. In addition, the manganese increases the 
dynamic strength and gives a greater margin of 
hardening temperature. Tliousands of axles and 
tyres are made annually containing manganese. 
In the <Jnited States,* steel containing 0*8% cafbon 
and 2*0% manganese, after receiving proper heat 
treatment, hag been employed for shear blades for 
the cold cutting of steel. A stfee^containing 0*35% 
carbon and 1*50% manganese was found to have 
properties equivalent to fhose of 3|% nitkel steel 
with the same carbon content. 

Manganese Sted. If •the ^Inanganese in steel 
is increased abov^ about 3%*(or abottt 2% if the 
carbon is high) the steel becomes increasingly brittle, 
so much BO that steel containing 4 to!6^% manganese 
can Ije powdered under the hammed Above 7% 
manganese, however, an entirely new set of piopertiea 
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begins to appear,' and thfe brittleness gradually 
disappears ; the strenglh and dudility K?tum and 
reach a maximum at about 14% manganese. Com¬ 
mercial manganoHo steel has approximately the 
composition: Carbon l-O to 1-3%, silicon 0-3%, 
sulphur and phosphorus 0*05 to 0-08%, manganese 
11 to 14%. Its propqrties arc the* opposite of 
those which might reasonably have |jeen expect^ 
on logical grounds, and demonstrate the fact that 
because a given aigiount of an#element pri^duces a 
certain effect, i1^ docs not follow that a different 
amount will give the ^ame effect in a different 
degree. It should be added tjiat the full toughness 
of manganese steel is not obt£j,ined untij it has been 
toughenei^ by what is called the water-quenching 
method, wliiclyagain ^arks out manganese steel as 
being an entirely new product in ferrous metallurgy. 

Uanufaciure of Manganese Sted. Manganese steel 
is made in the^ladle from a mixture of decarburlzed 
iron (not over 0*1 % carbon) an^80% ferro-manganese 
mefted separately in crucibles or in a cupola furnace. 
The decarjmrksed iron used should not be too hot 
or the steel will ^nfain blowholes. If the steel is 
, to be cast into ingots, it should stand a little so that 
tbe silica^s formed may fl^at to the top. The oxida¬ 
tion losses generally amount to 1J%. The ladles 
are generally cla^^ (acid) lined. The fusible and liquid 
slag fbrmed is green in colour from the silicate of 
manganese which abG^rbed. Coffee-pot ladles 
are sometimes used * to facilitallb skimming the 
slag.** Tlfe chief production of manganese steel is for 
casting but it fs also foiled aifd roUed into rails. 
Unlimited difficulties were^ encountered in the^ early 
stages o|iits manufacture and heat treatment. 
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Heat Treatment of Manganese Steel. Manganese 
steel must be heated very slowly and uniformly. 
Forging is performed in a narrow range of tempera¬ 
tures above red heat, beginning with light taps of 
the hamnjer. As cast (Fig. 8, p. 18), or if the ingots 
are slowly cooled, manganese steel is brittle. The 
effect of queifching is to soften and toughen the steel 
^ving it an austenitic microstructure, the carUbn 
being compleiely in solution. Tlie iiianganiferous 
austenitg is unstablfj; separation of carbides begins 
about 400° 0., and reabsorption the auet enite ends 
about 930° C., the liberal! on cooling being at 
about 735° C. Quenched from about 1000° C. in water, 
the materikl is as ductile as wrought iron, but the 
maximum sfrength is three times as great. Mang¬ 
anese steel cannot be softened by heatufg followed 
by slow cooling. The tliickness of sections employed 
is linuted by the necessities of the drastic quenching 
treatment. There is an almost complete absence of 
critical points. The composition of manganese steel 
is important but the lieat treat meflt is more so. 
No time must be lost in bringing the articles \H) to 
the quenching temperature and iropsferring them 
the water bath. 

Medhtmioal ^perties of Hanganeie Steel. Mang>' 

anese steel possesses the characteristic properties 
of austenite—^low elastic limit, low hardinss, good 
tensile strength and elongation, lljgh resistsiice to 
shock and lack of magnetic' qualities. After water 
quenching from t000° 0. the/tensile i^rength is 60 
to 70 tons per sq. in. (Fig. 28) with on glongation 
of 50 to 70% on *0 in. The contsactipn of area is 
fairly uniform over the* whole* p^ailel portion of 
the iJbst piece. Owing to the low elastic Hhnit, the 
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elastic ratio is only about 35 %, The Brinell 1 lardness 
Is 200 to 220, but the material cannot be machined 
and must be ground to shape. For this reason, 
wheels, pulleys, etc., of manganese steels are provided 
with mild steel bushes cast into the articles. The 
specific gravity of manganese steel is 7*89 or about 



^10. 28.—StkEHS-STEAIN DiAOlfAM FOE MANQANlaaB 
Steel. 

C. 1-20% ; Mn. 12-5%.) 


the same as that of'simple steels with the same carbon 
'content. The specific heat is 0*145 at atmospheric 
temperature. The thermal expansion is 50% greater 
than that of iron. The shrinkage in cooling from 
casting temperate is ^ in. per foot. The electrical 
resistance is 71 micwhins^per cm.-cube, or about 
eight times ^that o£ pure iron( The thermal 
condiLctivjty is one-sixth that of iron. 

The non-magnetic properties d£ manganese steel 
are remarkable, as shown by E. Hopkinson, Barrett, 
Ewing, ^adfield, Osmond, Guillaume, Dumas, 
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and othei’S. Altliough t/bis alloy ronlains 8d°o 
or more of iron, its magnetic susceptibility is very 
low (10 X ]0-«). Heating to 500° to 550° 0. for 
several hours increases the specific magnetism to 
50% thati^of pure iron. At the same time the st-eel 
is made hard (450 to 500 ball hardness) but is 
machinable. •Double carbides of iron and manganese 
—MnaO and F.^aC—are deposited in acicular forina- 
tion. These Tiard and brittle carbides effectively 
break uj^the ('ontinyity of tlie toutrh matrix. They 
are redissolved at 070°(\ 

Manganese steel harden* under pressure and 
resists deformation and wear. Fop this reason it 
is specially suitable f*)r parts subjected t.o abrasion 
such as jaw^ of stone and ore crushers, pins and 
links. It is also used largely^for dp^dgef buckets, 
tramway and railway switches and crossings, rails 
in curves, and mining car wheels. Tlie suggestion 
has been made to insert manganese steel rails in the 
ordinary track at'positions where it is customary 
for trains to stop and start. 

Applications of Manganese Steel. •Although the 

uses of mangtinese steel are somewhat limited by 
the fact that machining and cut^ng to shape are 
practically impossible, over 1^ million tons of this 
material have been product. It may be iriteresting 
to note the large mone^ry sa^ng wl^ch has 
accrued to the world from the iiyvention oi this 
steel.. Estimating the, pr^bat)lcf saving at £20 per 
ton, there has beertup to date a*total sa'vng of about 
£30,000,000. 

Owing to the ffigh tenacity ol elongation of 
manganese steel, it met •with an "important war 
application in the manufacture of shrapopl-proof 
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helmets and body guards, which saved tens of 
thousands of lives ; ovcjr 7 million of these Hadlield 
manganese steel helmets wore supplied <x) tlie Allies’ 
troops. On account of its non-magnetic properties 
it was used in the construction of mines, th£5 presence 
of which could not be detected by magnetic means. 

Manganese steel has /ilso been employed in the 
construction of burglar-proof vaults, an^ for armourjid 
and other structures near the magnetic compass on 
ships and aeroplai^s. 



CHAPTER VII 

TUNGSTEN STEEL*' 

Effect of Tungsten. Tungsten has a hardening effect 
on steel, sonltewliat similar lo but less than that of 
e^jromium, and it has also a much smaller efficiency m 
increasing the^eptli of penetralion of carbon in case- 
hardening or carburiZiing operations. Tungsten stfeel 
shows a characteristic fine-grained, sjyiky porcelanic 
fracture when properly heal»-trcated. The German 
metallurgist, Mars, concluded that timgsten lowers 
the melting joint of ii*on, but there is some doubt 
as to the correctness of this statement. ^Fhe specific 
gravity of steel increases perceptibly witji the timgsten 
content, the specific gravily of timgsten being 19’3. 

Pure iron can dissolve as much as 9% of tungsten 
without any excess forming tungstide {Fe,W). If 
carbon be present* a part forms tungsten carbide 
(WC) and more tunggten is required to form iron 
tungsti(fe in proportion as the carbon content*in- 
creases. The tungsten carbide forms vun^er normal 
ciMiditions the*double carbide vpth cementite, which 
dissociates abpve Ac^ into the simple carbides; 
if the heating is not car];^ed too high, the simple 
carbides reassOciate on cooling. If heated tS a higher 
temperature the tungsten ^arbide impacts w}th some 
of the iron to form the tungstide ai]4 ft certaiii pro¬ 
portion of cementite. It^s th^ formation and dis¬ 
solution of the tilhgstide in austenite which causes 
the lowering of the transformation tempeiatuift <m 
cooling. The carbides of tungst^ ore complex 
and there is evidence of V^gO, WgO and WC forming 

* See Appendix II, p. 169, Paper No. 25. 

IQl. 
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at high temperature. Hc/ida and Murakami in 
their work on the eonstit^uHon of timgsten steels 
recognize the existence of the following constituents— 



Fia. 29. —Ct)N3TITUTIONAL DIAGRAM OP TuNOSTBN 
Steels, 


ferrite, 4 Fe 36 WO, FejC, WC and Fe,W. The 
coiftUtutional diagram of tuftgsien steels !s given 
in Fig. 29. 

Manafactare and Propertieii of Tungsten Stee\ 

Timgsten steel, is prefer|ibly manufactured by the 
crucible process, the tungsten being placed on top 
of the mjderial g^hich is packed cold in the crucible, 
in which the st«el is melted and killed. Tungsten 
does not remove d^des «and gases. The steel is 
usually cast into 3 in.* square ingofs, and is forged or 
rolleft like high-Carbon steel, great care being employed 
in bringing the ijbeel up to the \i^rking temperature. 

The heat ft^atment of tungsten steel exerts a 
considerable influence "on the strength, jrblch is 
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considerably improved by tlie quenclung operation. 
Though without much influence at first the addition 
of tungsten, up to 10%, incr<5ases the yield point 
and maximum strength of caihon steel witli only 
slight diminution in elongation. The researches of 
Professors Arnold and Head showed that for low 
percentages bf tungsten t^ie cai-bon is combined 
w^th the iron, but when the tungsten reaches 11 
all the earbon IS combined with it.. 

Carbide steels show lower tei^sih' strength tHan 
the coiTesponding pearlitii*. steels, puenfhing above 
850® C. leads to dissolution of double carbides, 
and resultp in the formation of- a fine-grained 
martensitic stru(;turc. ^ 

Timgsten steels not (-.ontaining high carbon have 
low thermal conductivity, and tunp^pten increases 
the magnetic retentivity of high carbon steel {see 
Fig. 30) though the ^reason why tungsten steel 
makes a good permanent magnet is not well under¬ 
stood. Madame Curie fii'st investigated the mag¬ 
netic properties of tijigsteii steel ani! showed that 
the besl composition was about 0*6% carbon ^nd 
6 to 6% tungsten. Prior to 1910* hi|j[h carbon 
sleel (1 to 1*^) was .used foj‘ magnets, but since 
that date several thousand tons of tungsten steel 
have been produced annqplly for the purpose. At 
one time it was thought that small amounti of^ vana¬ 
dium, chromium, and molybdenum Jmpartqp. greater 
retentivity but this hasr not been cqpfirmed. ^Tung- 
sten steel magnets shoul^ be forged with as little 
work as possible. • They are heat-treatejl by soaking 
at about 860® C. and quenching in water.* No 
advantage is obtaiifed by temperinj. The magnets 
are magnetized by insertion in a long^insulated coil 
through ^which m electric •current is pasted, and 
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are then seasoned at 100° C (maturing, ageing). 
Decay of the magnetic properties may be caused by 
mechanical shock, changes of temperature and 
exposure to demagnetizing forces. The magnetism 



Fio. 30. —^DEMAqN£nzATioN iliuRVBB or Steels Used iob 
* • PeBHAKENT MAONETSk 


of a MWly mad^ magnet is made up of permanent 
and a sub-permanenti or r^ovable part. The limit 
to demagneti^tion alid the timeHaken depend on 
the type pf steel and the dimensions of the magnet. 

Umi of Tawtea StedS Tool steels containing 
from 1 tg 4% of tungsten aise used for finisynj cuts 
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on iron and steel. The^’ arc capable of machining 
85- to 40-ton steel at a speed of 40 ft. per min. A 
finishing steel for rifie barrels contained 1*2% carbon 
and 3 to 6% tungsten, and had a keen cutting edge. 
A further ^.pplication of tungsten, i.e. as the alloying 
clement present in greatest quantity in high speed 
steel, is discussed on pp. 13.8-143. 

Tungsten has been used in gun tubes to raise tfie 
strength and increase the resistance of the bores to 
erosion, ^tecls have been used for howitzer tubes 
containing I and 3% tungsten ^ith 0-4f to 0*7% 
carbon. Tungsten improves ihe wearing pi-operties 
of some classes of chisel steel, a high grade having 
the comiKisition 1% carbon and 1 to 2% tungsten. 
Poppet valve^ in petrol engines are sometimes made 
of steel containing O-S" to 0*6% carbon aiRd 1*5 to 
2-0% tungsten. Low tungsten steel (0*^5%) has also 
been used for springs. A steel containing 8 t^o 9% 
tungsten and about 0*6^ carbon was found t^ make 
good hot-drawing amd pressing mandrels. Tungsten 
is used in the production of “ self-hardSning ” steels, 
i.e. thosd which require no quenching after forgftig. 
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OTHER TERNARY STEELS 

Copper steel.* At one lime copper was Jhoughi to 
produce red-shortness and to make steel un weldable 
but, in 1890, A. L. (k)lby made a series of forging 
afid tensile tests on a propellor shaft made of 0*5% 
copper steel wliich gave satisfactorf results, Hie 
nrnterial was also welded satisfactorily, and could 
be flangcfl, cold, •riie conclusion was reached that 
the supposed diileteriojis effects of copper did not 
actually occur,,at least up to 1% of copper. This 
was confirmed by Dr. SteaJ and otlicrs. Copper 
steel is generally made by* alloying copper with 
normal bpen-hearth or Bessemer steel. Copper 
affects the crTtical pdints in the same way as nickel 
but to a less degree. The mechanical properties 
of copper steel are somewhat better than those of 
carbon steel, though unless the copper is above 0*6% 
its influence i^ot pronounced. As forged or annealed 
O' 1^0 copper adds about ^ ton per sq. iif. to the 
maximum strength of low-carbon steel or i ton to 
that pf medium-carbon steel. In ttie heat-trea^d 
condition, the incfl3a!^ in strength due to the addition 
of copper is much greater—by adding 0-8% copper 
to* a 0'3S% caibon steel Ihe maxijnum strength was 
incre&sed ,32 tons per sq. in. without the elongation 
beini^miich affected. 

The addition of more than 4% of copper makes 
steel red-shgrt. 

ResistanQB to^Corrosion of Ooypw Sted. Although 
there are maiiy* references in metallurgical literature 

♦ See 4ppendix II, p. 169, Paper No. 26. 
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from tlio bc'^iiininj? of the sovontceiith century to 
the effect of copper on the physical properties of 
steel, it. is not mentioned until 1900 in connection 
with the control of con*osif)n. There has been 
considerable controversy as to t /ie anti •corrosive 
effect of tfie presence of small quantities of copper 
in steel, but- jt appears est ablished that even small 
amounts of copper cause steH to resist certain typ«s 
of‘^corrosion L tier than steel not containing this 
element.* The results obttiined depend on the actual 
corrosive Conditions. The Ainerisan Shejt and Tin 
Plate Comparjy stat es that ()• 15 to 0*i5% of copper in 
sheet s preserves them from atmospheric corrosion, so 
that they last from three to five times as long as 
similar sheets* wit hold- copper. They claim that the 
protective effect was manifested with as loAwa content 
as 0*03% copper. T(‘st s were also mad6 by the Lake 
Erie Bailroiul on 0*4% chopper bearing sheets used in 
steel railway cars ]mt int o servic(^ in 1914. After two 
years’ service, the paint was found to have adhered 
better than on plain carbon st eels, and cm. re-examina¬ 
tion after seven years^ service, the loss in thickupss 
due to corrosion was much greater in the carbon steel 
sheets than in.the copper steel sheets. i)r. A. S. 
Cifehman, of Washington, D.C., tiieiScientific Adviser 
to the American Bolling Mill Company, has done 
excellent "work in studying this subject of qprrosion 
generally. He ha*s found, however, that ^ecially 
purified “ Armco ” iron, containing ctily about ’16% 
impurities gives, under certain co^ditlbns of corrosive 
action,' superior r^istanctf to ithat obtained with 
copper steel. His wide researches and i&any palters 
on this subject are o^ the liighest value. * 

Copper steel specimens containing* ojeJ 0-1% Ou. 
• ^eevAppondix II, p. 173, Paper No. 135. 

M5410f 
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have been found in- good condition after having been 
exposed to atmospheric corrosion for 15 years. 

In addition to resisting atmospheric corrosion, 
copper steel has shown superior results in the alter¬ 
nately wet and dry test. It is also resistant to 
attack by 20% sulpliurit; acid, though acid tests 
have no bearing on natural corrosion ^due to causes 
other than sulphurous atmospheres. On the other 
hand, it is more attacked than puij iron by aoid 
sa^t solutions and by some neutral and alkaline 
solutions. j.Also, tiopper steel is less efifec&ive than 
pure iron in resisting corrosion by natural waters. 

I 

Vanadium Steel.* Vanadium is considered to bo a 
deoxidizing agent of considerable j^ower and is 
supposed to get rid of oxygen and nitrogen, also 
to increase i-he molecular cohesion and tend to 
impart a finer and denser structure than that 
possessed by ordinary carbon steel. Vanadium 
promotes the even distribution of carbon and 
prevents constitutional segregation. The element 
has*, ^ high melting point (1750® C.), and it is very 
difficult to alloy it with steel in the ordinary plant. 
It is preierat)le to add it as 36% /erro-vanadium 
after the other kdle additions. Ferro-vanadium is 
sometimes added to the bath two or three minutes 
after th^ manganese used for recarburizing, and 
always .under reducing conditions" The ferro alloy, 
which should contain from 25 to 35% or even more 
vanamum maylbe i^ded in the crucible. 

Vanadium is an Uusivo element and it does not 
follpw that'^a certain quantity added to a heat of 
steel can afterwards be analyi^d as present in the 
steel. WitSi^,experience, however, vanadium can be 
added oonsi^ntly, thp loss not exceeding 0*07 to 

* Appendix II, p. 169, Paper No. ^6 
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0*10%. Vanadium liaa a beneficial effect in open- 
hearth practice, and ihe steel is forged without 
difficulty, but should be worked a little tenderly at first. 
The iemperaiure should 'not bo too high, and if the 
steel is worked below a black heat ii becomes brittle. 

As regards the constitution of vanadium steels, 
the element dissolves in tlie ferriie and also exists 
as a carbide or double carbide with the cementite. 
All steels abo\ o 1% vanadium are cementitic. 

Though vanadium is used by some steelmakers, 
there are‘*'various opinions as to tts advantages for 
alloying with steel. From 0*15 to 0^5% is sufiBcient 
to affect considerably the physical properties of the 
steel, and niay raise tlie elastic limit and maximum 
strength of mild carbon steel as much as 50% without 
appreciably reducing the elongation and %^duction 
of area. Adding 1% of vanadfum railes the elastic 
limit of pure irrm about 10 tons per sq. in., and the 
ultimate strength about'6 tons. Vanadium increases 
the toughness of low and medium carbon steel by its 
solid solution with the f errite. It prevents brittleness 
of high Carbon steel (0^ to 0'0% C.) and reduces4bhe 
tendency to. crack during quenchii^. In other 
w^rds, it gives a.wider safe-hardening range.' Properly 
heat-treated vanadium steel (cdhtidning up to 2%) 
has a reduced susceptibility to sudden shocks and 
resists fatigue or^ deteriomtion under continuous 
vibration. As the element acts in the same way 
as carbon, the latter zmut 'be controlled ca^fuUy 
in vanadium steel. ' • 

Straight vanadiign steeli? havn not much standing 
at present, but they may be said to be in wei^infancy 
and progress in their metallurgy a^d ejdendon in 
their employment may bet expected? jPhey possess 
the advantage of welding readily* and one grade is 
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used as a flux in oxy-aeet;irlene, oxy-hydrogen and 
electric welding. On account of their strength and 
the light construction wliich they make possible, 
they are used for springs and axle frames of auto¬ 
mobiles, and foi^ shafts, rotating parts and case- 
hardened gears. Carbon-vanadium tool steel has 
been used successfully for punching ^nd blanking 
dias, cold-drawing and'■forming dies, shear blades, 
piercing and drawing pumshes, etc.* ■ Vanadium 'is 
used in steel castings and cast iron as well as in steel 
mill products, It*is claimed that the clement makes 
chilled cast iron rolls mpre durable and more ductile. 

Cobalt Steel. Hir Uobert^ Hadfleld in 1891 was 
the first to investigate cobalt steels systematically, 
a full account of these experiments appearing in 
1904 (see A^pendi^f II (2)). He showed that 
cobalt, like nickel, increases the elastic limit and 
maximum strengtli. For certain parts of electrical 
machinery, such as armature toeth and pole tips, 
there is needifl a material having high permeability 
at t high flux densities. ® The best •material 
available is the purest iron, but if the saturation 
value, cotidd be raised the length of. the armature, 
for example, could be decreased proportionally, and 
a large saving would result in the cost of the machine. 
The researches of Dr. P.'' Weiss of Zurich, in 1912, 
showed 4^hat the iron-cobalt alloy corresponding to 
the ppopbrtion8l^'e,Co (34*5% cobalt) has a saturation 
value from 10 to 13g/o greater than that of pure iron. 
Dr. T. D. Yensen has sdbsequei^tly found that at 
higli inductions the permeability of the Fe,0o alloy 
may be as^much as 25% highfir than that of pure 
iron. Unfortiuitately, thoucost of cobalt is high and 
militates against the vifie of this alloy. 
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Tlieie has also been invented a cobalt steel, (;alled 
IVnnanite, made by Mtissrs. Ha<lfieldof Sheflield, the 
niajpietie pit)parties of which are far in advance of 
those of t he best- t-unj;st en st eel for ])crjnanent magnets. 
The coercive force is as high as 120 and the remanent 
magnetism 6ver 11,000 e.g.s. units {see Fig. 30). The 
high coercive force enables it Jo withstand itiugh usi^e 
ir.a remarkabh; manner, and the steel shows practi¬ 
cally no ageing qiialitJes. In t he demagnetization curve 
the prodwet^ B x II (indiKition X^magnetizing force) 
has a maximum value of 000,000 conlfpared with 
300,000 for tungsten magnet steel. Permanite is 
advantageous for usf* in magnetos and in other 
applications ,wliei*e demagnetizing influences are 
high. A strong field is necessary to magpetize this 
cobalt steel, a magnetizing foru) of 00(i to 1000 e.g.s. 
units being used. 

Professor Honda has recently brouglit out a steel 
containing about J3f)% of cobalt as the principal 
constituent, which is a great improvement over 
ordinary magnet steefc, but on account of the Mgh 
proportion of cobalt in It s composition is very ex¬ 
pensive. It is^called K.S. magnet stdbl after Baron 
BR Sumitomo. The steel is hai^ and difficult to 
work, and should be hardened by quenching in oil 
from 1000®-! 100° C. It is initially, magnetized in 
a field of high stfength. It has a coercive ^pree ol 
180 e.g.s. units as compared with abor»t 75 foi^ungstcn 
steel of 50 for carbon steel. The remanent mati(hetism 
is not diminished by prolongcd^immersion in boilintj 
water, and exhaustive dropping tests only diminished 
the magnetization by 6%. 

The steel is suitable f<p? short i|agn%ts. It has 
an exceptionally fine microstructure, *and the ball 
hardn6S8«variqs from 444 to ^52. 
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The addition of cobalt' to high speed steel is 
mentioned in (Chapter XI. 

Molybdenum Steel. In 19U1 the well-known French 
metallurgist, Professor Guillet, contribute a paper 
to the Soci4t6 d’Encouragement popr I’lndustrie 
I^ationale showing the' results of his investigation 
into the effect of the addition of m-jlybdenum, Hip 
tOe9*3%, on the properties of iron. Guillet came to 
the condition tlif>t the effect of molybdenum was 
about four timei^s grea|j as that of the metal tungsten. 
Unfortunately, ,Pi*of. Guillet’s specimens contained a 
considerable percentage of carbon and manganese, 
so that Sir Robert HadfioM’s various researches 
on tliis subject includingthosoin 1907* were probably 
the first systefnatic investigation of practically carbon- 
free iron-molybdenmn alloys. The materials employed 
by Hadfleld consisted of two series differentiated by 
the method in wliich the molybdenum was added, 
namely (a) aa ferro-molybdenum or (6) molybdenum 
in (the metallic foim. In the alloys made with 
metallic molprbdenum, tlic carbon was constant 
throughout at 0*10%. The series,of iron-mol^b- 
denum alloys wan Vximposdd ,of fifteen specimens 
ranging from 0*24% up to a maximum percentage 
of 23*74% of ■ molybden'am. Tests were made on 
the aUo^ in the cast and forged materials, m the 
unannedl^ and annealed conditions, and brought 
.out in a remai^kab^ manner the superiority of the 
forged material, ^e oifginal cjist structures were 
brii^le and Vere not found to be easily modified by 
annealing. When the material had been forged, 
however, g^t Wpiovemimt was noticed; although 

* Apivndix II, p. 169, iXo. 76. 
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the elastic limit was not much affected, the elongation 
and reduction of area were excellent. 

In summing up tlie result s Hadfield thought that 
the effect of molybdenum on irrm—^that is, on a 
practically carbonless iron alloy without the presence 
of other elements—^is not likely to be of importance. 
Its influence? however, may be found very useful 
in^ alloys containing higher percentages of carbmi. 
On the other hand, molybdenum i*enders steel so 
sensitivcpto liardening that the niaterial may crack 
during quenching or spontaneous frsicture may 
subsequently occur, 

Molybdenipn steel is made in either the crucible, 
basic open-hearth, or ^electric furnace, being added 
either as 45*)5 to 00% low-carbon ferro-molybdenum 
or 36% calcium molybdate,^ thougjjji tfie former 
is to be preferred. In some cases, molybdenum 
steel scrap may be us^d. In the crucible ferro- 
molybdenum is added in coarse lumps; in open- 
hearth practice it is adde^ in the furnace after the 
slag haa been cleared up. In the latter furnace, 
the loss amounts to fromi^ to 10%, but in the electric 
furnace the loss is negligible. Molybiieni:^ oxidisses 
readily, and t&e oxide jeasily dissolves in the metal. 
The steel should be deoxidized with titanium and 
vanadium. There is no serous difficulty in rolling or 
cold-drawing molybdenum steel, which shbws great 
freedom from seams. Chromium njplybdeifum steel 
flows easily in the dies on fo^rging and is veadily 
machinable. ^ * 

Molybdenum hib a tendency to volatilize at high 
temperatures and lack of uniformity mayi arile in 
molybdenum steel after prolonged or ^cessive heating. 

The chief value of molybdenum libs in indirect 
or int&Qieifying effect on the ftiore complex ateela. It 
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extends the range of hot wo^’king and heat treatment 
and increases the penetrative offccd of hardening. In 
tempering also, the drawing range is widemed and the 
drawing temperature does not requii’c to be (ontrolled 
so accurately. The effect of molybdernKii on the 
mechanical properties is t-o increase the Mastic; limit 
and elastic ratio, but it /exerts most inffuence on the 
reduction of area and raises the dmdijjt y and touf^- 
ncss of the steel. It increases the tensile strength 
of * carbon and n jpkel steels. A steel e^)ntaining 
1% of molybdenum and 0*2% carbon after (pjenching 
at 910° C. showed impil)ved impact tests, or higher 
tensile strength for a given impact test. Molybdenum 
seems to increase the prope|;ty of deep hardening 
of chromium steel. 

Data concerning ^he mechanical properties of 
molybdenum steels are given in Table X. 

In America, molybdenum steels have been applied 
to various uses in aeroplane and automobile con¬ 
struction an^ for general engineering purposes. 
Chromiimi-molybdenum steel ohas been m^de into 
satisfactory springs. Nickel -chromi urn -molybdenum 


TA3LE X 

Mechanical PR04»EftTiE8 of'Molybdenum Steels 


- . * . 

steel 

containing 
0*27% C. 
0-«3% Cr. 
0-42% Mo. 

Molybdenum 
(Jeiir Steel. 

ilardened at . 

^ 870° C. 

_ 

_ 

Drawn at or /o . 

320bair 

200° C. 

«40“C. 

c ^ 

Elastic limit, tons/sq. in. 

hardness 




135 

. , 86 

Max. stress, ^ns/iq. in. 

73 

150 

90 

Elongation, %^. 

' 17 

10 

15 

Beductiqp of Area, % * . 

63 

22 

*60 
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steel was used in the Ijiberty motor for aircraft 
service. Molybdenvuii ste(‘ls were also used for 0*5in. 
bullet-proof plates for I£reneh baby tanks and for 
military aeroplane const met ion. 

AluminilAn Steel. Aluminium is not usually 
added to imn with the objt!C,t of forming an alloy, 
biit on account of its deoxidizing properties. I?is- 
solved oxide in liquid steel tends to induce the 
formation of blowholes. As alujpinium has a great 
affinity for oxygen at high t empertyi iirei^ it tends to 
reduce the oxides and prevent the violent evolution of 
carbon monoxide apd other occluded gases. The 
alumina forij^cul is, 'a^wever, infusible and does not 
tend to rise into tn^ slag. The elemei^) has the 
additional effect- of inere?Asing the solul^lity of gases in 
the metal. A small amount of aluminium is usually 
added in the ladle, but too much kills the steel. 
Aluminium steels wei-e first investigated thoroughly 
by Sir Robert lladfield, \^'ho read an i^iportant paper 
on thisgsubject befor(*tlie Iron and Steel Institute in 
1890.* With steel containing 0*2% of carbon, 
aluminium mtyr be added up to 6% wtthoj^t affecting 
tfic tensile strength, hut the st^cl becomes brittle 
under shock above 2% aluminium. Tlie malleability 
of the alloys practically ceases at 6;5% aluminium. 
The hardness is'not increased by the addition of 
aluminium, and water-quenching § does Aot seem 
to affect the alloys, though if\ carb#n is pre^nt the 
ordinary action takes ulace.^* Aluminium appean 
to cause a prccii^tation of graphite. •The element 
was found to iiave an action similar t# tlffit of 
silicon in increasing the intensity f>f magnetization 
of ir(]p in low fields, but the alloys ar# more difficult 

* Set Appendix 11, p. 169, Paper No. 6. 
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to make and less regiilaif, for which reason the 
development of the silicon alloys received more 
attention. 

Iron and alummium form an intermetallic com¬ 
pound and the alloy containing 17% aluminium is 
said to be non-magnetic and rust-resisting*. Recently 
a 15% iron-aluminium ajioy has been used for cru¬ 
cibles exposed to high temperatures^on account 
its resistance to sealing. 

Titanium* Steely* Titanium alloys with iron in all 
proportions. Up to 9% it has been found to have 
little effect in improving the qfiechanical properties. 
Titanium steel, properly speaking, is not made com¬ 
mercially at present. In 1907 titanium was first 
applied as a physic in^olten steel used in the manu¬ 
facture of rails. It is held by some metallui^ts to 
be the best all-round deoxidizer, eliminating gases, 
especially nitrogen, and tending to remove all oxides 
and slag enclosures. It is next to aluminium in the 
prevention of blow holes, and is claimed tp make 
steel tougher and stronger, «Titanium will not save a 
bad open-l^art^ heat, but is useful in reducing silicates 
.and in* further purification. %Titanium-treated stell 
^is used for plates and sheets 6wing to its freedom 
from surface defects and gsreater ductility in bending 
without cracking. 

Uraaiiiili Steel* Uranium steels have only recently 
l)een developed, chiefly in .^erica. Hypo-eiitectoid 
steels contakiing less than 0*6^ of uranium are 
pearKtic,cbut an increase in the content of uranium 
produces a ohar^teiistic x^nstiftient which becomes 
coloured whefi hot like a^carbide of uranius^. At 

* Am A^ndiz II, p. 169,* Paper No. 26. 
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the present time, it is i.ot known whether this is a 
true double carbide or a mixture of carbides of iron 
and uraniuiu. Uranium has little direct effect on 
the transfonnation points up to,2%. Above this 
the Ar. tvansformations are lowered and appreciably 
weakened, ^ven for ordinary cooling velocities. The 
steels of which the transfoi-jnation points are lowered 
Ij^ive a martensitic structure. If these points ^re 
suppressed the structui*o is polyhedral. 

Abov «4 1% uranium the pcarlite is no longer 
lamellar. (Quenched uranium slejls olten contain 
wliito crystals which: (a) tio not become coloured 
by heat lik^e uranium carbide ; (&) do not exist in 
the annealed metal; ^(c) are not attacked by aqua 
regia ; {d) arc associated with the carbide in steels 
containing more than U*6% o{ uranii|pi. 

Uranium does not need to be intensified by the 
addition of other elemenfis. It increases the hardening 
power of steel in response to water quenching without 
increasing the fragility. As regards its effect on 
carbon^ steel, expcfiment has shown at 0*22% 
uranitun is comparableiritvith 0*05% of chromiiftn or 
molybdenum. Uranium steel is lepoi^ed to be 
(Mtable for ordnance,and armour, but no definite 
proofs have been produced. 

Uranium increases thq liardness of carbon steel 
on quenching, decreases the grain size, an^ raises the 
elastic limit. Steels containing ca^lxin anf uranium 
are principally suited for app^catiens which^need a 
low tefhpering temperat^ire, i^r they then exhibit 
a remarkable Hardness, breaking strength and 
ductility. 

The addition of ’smal^ quantities of uranium in 
nickel steels increases the hardness after quenching. 
By aid^ 0*6% of uraniuni to pearlitic nic^l steels, 
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the grain size decreases ai.d the pearliio becomes 
more sorbilic. 

In general, nickel-urariiuin steels differ from 
pearlitic nickel stf*fils in that : (a) tliey have a higher 
elastic limit for the same ductility; (ft)*they are 
harder than the nicktjl steels after treatment; (c) 
they are more easily ^hanlened ; nfckel-uraniurn 
stt^els harden considerably on cooling in air ; (d) thgy 
possess a higlier fatigue resistance ^after suitable 
tre&tment. 

Uranium*has be>n used in high speed steel on 
account of its tendency to ]»roinotc the fonnation 
of complex carbides. It also assists in the develop¬ 
ment of secondary hardness in these steels. 

Ziroonilfin ^teels. Uuring Ihe war, a steel con¬ 
taining zirconium was tried in America in armour 
and bullet-proof plates and for use in motor-car steel. 
The results were reported to be successful, but the 
use of this steel does not seem to haVe been continued. 
Nickel-zirconium alloys have bqpn tried for higji-speed 
cuttBag tools, but no sufficier-t advantages have been 
brought forwaid. 

Zirconium,* like titanium, and alflminium, acis 
primarily as a scavenger and, when it is not removed 
as part of the slag, remains in the steel in the form 
of squarB bright yellow inclusions not directly 
Visible magijifleations lower than 600 xt It 
is not *considere4 that these inclusions can be very 
bbneficial, and if the^ are ^gregat/ed and rolled out 
into thin pla^e-like streaks they mfty be detrimental, 
espeoiall)i in armour plate. 

Tin Steels. ^ESom an in'^estigation of low and high 

* U.S.^Bureau of Standard* Notes (April, 1922), 
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carbon steols coniaininj.' from 1*75% up to 10% 
of tin, (Tuillct conrludes tliat tin imparts a mineral- 
ogical hardness and high fragility t-o steel, making it 
dilTicult to forge. It enters into solution in the iron 
and appc<|rs to enter into combination with it. In 
tin-steels ii^ which the tin does not exceed 10%, the 
carbon is in*tlie pearlitic condition. Tin-steels are 
somewhat. lik(‘ titanium steels in this respect. Tin 
appreciably regards the progi'css of cementation. 



CHAPTEE IX 
NIC^EL-CHBOMIUM STEEL 

The influence of nickel and chromium ^\i?hen com¬ 
bined gives the best all-round alloy steel ifi commercial 
us§, and we are largely Indebted to Ercnch research 
for its rapid development. In addition to beilig 
perjiaps the most important of the structural alloy 
steels, nickel-chronium steel is encroaching on 
the realms of otiier all^y st/eels. Tlie presence of 
the two elements tends to neutralize the harmful 
effects of each and to magnify the good points. A 
certain ratio of chromium to nickel (about 1:21) 
seems to »give the most efficient combination of 
physical propc»^ies ; W this proportion of chromium 
is exceeded the temperature limits of treatment are 
narrowed. This steel is usually made in types 
containing 1*6%, 2*6% and 3-5% nickel. A material 
containing O'Cbto 0-7%chromium and 1-25 to 1‘6% 
nickgl is used for medium-strelsed parts, and ^1*1 to 
1*26% chromium with 2-5 tS 3% nickel is employed 
for higWy» stressed parts. Nickel-chromium steels 
•are usually heat-teeated, anti .possess the highest 
tphysical properties of any steel known. Nearly 
idl the u|eful steels are in the politic class. In 
"Ameriea .natural nickel-chromium steel is ipade 
from certain orCS foimd at Mayari, Cuba. 'When 
converted into ^el^a large part of the dpH^mium 
is wasted, and when the highest quality is required 
ihe sjnthetitf alloy steels are superior. 

Kairafaoti&a ffad Treatment ^ Ni<dnl><aifomi!iin 

SteeL Nickel-chromium steel' is. manufactuasd in 
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crucible, electric or open-hearth furnaces, but mostly 
in the latter. Care is needed in refining the steel in 
order to secure clean metal, also in teeming and 
handling the ingots. Analysis control is important, 
as it secures easier heat-treatment and constant 
machining j)ropertics. Billets must be carefully 
warmed and, preheated before being placed in the 
forging furnace. Nickel-chromium steel is ratljpr 
difficult to forre and roll. It will not weld, and is 
apt to develop laps and seams, unless d\ie precautions 
are takeift The steel has a narroiw range of forging 
temperature. Care must be taken ^hat%he steel is 
not burned ; it should not be forged above 1100° C. 
OP below a yellow hcatT and it m\ist not bo hammered 
with a cold centre. Tlie dies used must be clean and 
not cold. In forging, *billets of cross secti(yi suitable 
to the work sliould be chosen. F«r high-grade 
material, some makers machine off the surface of 
bars to ensure the removal of all surface defects. 

In drop-forging ipckel-chromium steels, the forging 
heat must be watched very carefully, and the 
operations must not •bo too severe. All forgjngs 
should be annealed caffifully to overcome forging 
strains. 

?rhe heat-treatment of nickel-ihromium steel is 
carried out on much the same lines as for simple 
nickel or'chromium steelai The steel is {lardened 
by qijenching in ofl or water from about 30° p. above 
the critical range, tempered by rehdating td a tem- 
peraturejio suit the work on han^, anfl then quenche4 
in water. Annealj|ig for machining takes places at 
a temperature ‘about 40° C. below the cfttical r^ge. 

Heat-treating for gorging nickel-chromi^ steel 
consists in first carefiiUy fumealingltl^e* steel, then 
placing in a furnace at blac]£ heat and bringing it 
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gradually and uniformly to a temperature somewhat 
above tlie critical range. 

The antecedents in the heat-treatment of nickcl- 
cliromium steel affect its physical properties. If the 
steel has been (fverheated or not properly heated 
for forging, etc., it requires special treatiAent. The 
effect of size, i.e. cross section, has a jnarked influ- 
epfc. A 1-in. diameter nection quenched in oil gives 
the same physical properties as a i^J-in, to 3-<h. 
seqjbion quenched in water. 

Mechanical Piopertie^ of Nickel-Chromium Steels. 

The simultaneous presence of nickel and cliromium 
in steel raises the elastic limit»combincd with higher 
ductility and imparts greater hard<>ning power, 
resilience rfind resistance t^o wear. 

The static; f)ropertfes of the low-nickel chromium 
type (Fig. 31) are equal to tlioso of the higher nickel 
grades, but the latter are somewhat superior 
dynamically. 

Above a ccit-ain percentage of nickel and chromium 
(Ni^Cr + C over 5%) thi steels become air- 
hardening. A typical coi^Jwsition is as follows— 
Carbon 0*15 to*0*35% ; chromium M4^o 1*5%, nickel 
3*76 to 4*75% ; «nanganes^ 0*4 to 0*75%. These 
air-hardening nickel-chromium steels are used for 
paHs requiring high strength. They show no mass 
effectfrf.p. they harden throughout the mass, ,inde- 
pendentty of thtf size of the section. Hardened from 
about*820® 0. iff air^ they give a tensile strength of 
over 100 tons per sqain. ^th 10 ^o 13% elongation. 
They can, ifowever, be softened by tempering, and 
in this c!>ndition show a lugh ^pact value. 

By slightly Irarying tiio nickel and chromium 
contents, keeping the carbon and manganese tht same, 
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a wide range of teiisik? si^’eiiglh can be obtained in 
the lieat-treated condition. With 3 to 3i% nickel 
and 1-0 to 1*2% cliromium, 75 to 100-ton steel is 
obtained, wdiicli shows a' high impac-'t test when 



Fig. 31.—^Meohanioal riioPKRTiKS or Typical Nickel 
V Chromium. 

(0-35% C. ; liO to !•.'>% Kl. ; 0-5 to 0-76% Cr.)<» • 


tempered, but care must be taken ni^ to temper too 
high or the steel starts to harden up again. 

By slightly reduting the chrdmium, tjp to 76-ton 
steel or 60 to 60-1 on steel (chromium 0‘5%)^maj be 
produced, which showman Izod test of abopt 70 ft.-lb. 
on tempering at 650® C. Tfie fatigue^*a#ge of nickel- 
chromitm steel is roughly the*same as the m^imum 

I0~(541^i 
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strength ; ihiis, airrhardcning (100-ton) steel showed 
a fatigue range of about J; 55 tons, and an ther 
steel showing a maximum strength of 57 tons per 
sq. in. had a fatigue range of + 27*5 tons. 

As an instancis'of the high quality of st (sel produets 
of tliis type, there has recently Iw'en produced by 1-ho 
Hadfleld Company a nickel-chromium gtteel possessing 
a-tenacity of 108 tons pbr sq. in. with an elastic limit 
of 90 tons per sq. in., 15% clonrsition and 6*i% 
reduction of area. The ball hardness is 477 and the 
shock test of a no^ died Fremont test piece 5*3 kg.-m. 
(40 ft.-lb.),’ with 7° angle of bend. 

In steel which is called upon to resist shocks, 
the impact test is the (iontrolling factor. Having 
decided the elastic limit and^ductilityircquired, that 
steel is nvost desirable in which it is possible to develop 
the impact Value to the highest degree. It is on 
account of their high dynamic strength that nickel- 
chromium steels arc widely used in parts which have 
to resist shock and live loads. Nickel-chromium 
steels exhibit the phenomenon termed temper 
brittleness; in other words, when these steels 
are tempered in a range of 200° to 600° 0. and 
cooled sfowly from the tempering temperature, 
they give low notched' biir or impact tests. If, 
however, the steels are cooled quickly from these 
.temperatures (as, for example, by quenching in 
yf^ter.) the impact value is not depreciated. A 
specimen contdiming 0*4% carbon, 3% nickel, and 
r0*8% 'chromium had its impact value reduced to 
one-fifth by cooling in the? furnace instead of quench¬ 
ing in water. There is a critical range of about 460° 
to kso°c. in which the effect ,.is most, developed so 
that whatever 6 the metkod of cooling the notched 
bar test is low'. No difference in microstruature is 
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apparent between the brittle condition and that 
showing a good injpact. t est. Not all nicikel-chromium 
steels are susceptible to temper brittleness. The 
condition appears more Irequently in open-hearth 
than in el(^.tric steel. It may also tie mentioned that 
temper bri^-tleness has be(m observed in some 
chromium and molybdenum steels. 

Nickel-chromium steel cAnnot be machined «,t 
eiftremely high speeds, so that the speed is generally 
reduced though the feed can be somewhat increac^d. 

Nickel-chromium steel is used® for cage-hardened 
parts. As mentioned in rhapte*» III, all case- 
hardening steels are low in carbon their strength 
being obtainM by an alloying element. By the use 
of nickel aiK* chromium together, the strength of 
case-hardening steel may be more than doubled, as 
shown in Table XI. • • 


TABLE XI 

Mechanical pRorniiTiias of CASE-HARDENiNa Steels 


Ty^?e of Steel. 

t 

Onenehed 
froiiif " C. 

-r— 

Max. 

Strentrth, 

Tons 

pcir sq. it. 

Izod Teat, 
ft.-lb. 

Ofeinary Carbon. . 

5/25 

•32 


2% Nickel . . 

900 

36 


3 % .. V . . . 

890 



6 % . 

880* 


SO 

3i%Ni+ 4%Gr . 
4%Ni+li%Cr . 

880 

65 

,80 

880 ' 

59 

--•- 

) 20 


The case on nic](el-chroftiiunf steel is harder than 
that on simple* nickel steel, but simple (»rbon ^teel 
gives the barest casf^of all. 

Case-hardened nickel-cllKimium |e^ withstand 
shock «nd abrasion well; they sho^d be tampered 
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in oil 1^0 relievji Ktratiis ireainicni to the 
best core and ease. , 

Uses of Nickel-Chromium Steel. TIkj nickel-chrom¬ 
ium steels described above, with low percentages 
of nickel and chromium have the advantag^es of being 
low in price and readily rnaehimKl. All grades are 
used in auiornobilc construction, the cawbon varying 
fr6m 0*22 to 0-5r)%. Jjickel-chrtmiium steel gears 
(not case-hardened) wear extremely ’«*ell. The tedth 
burnish over and give better servi <‘0 than ordinary 
case-hard(;ived gears' ^ 

Nickel-chromifim steel is also used for parts of 
aeroplane engines, and for (jngineering parts of 
high strength. Jjiirge ingots <5f this steel are forged 
into shafts for marine purpoJjes. The* main girders 
of a railwify bridge in Germany have been constructed 
of nickel-chromium steel. The weight is reported 
as 35% less than if mild steel had been employed. 
Tlie structure has been in use nine years with entire 
satisfaction. 

Nickel-ehrtftnium steel is employed in the manu- 
facUire of armour plate, tjio impact face <M, which 
is hardened tby a carbonizing process. Nickel 
imparts tite property of not cracking when perforat^ed 
by a projectile, ^d chroinium combines hardness 
with high elastic limit and higli resistance to shock. 
^Armour Crom 6 in. to 1.^ in. thick has the follow¬ 
ing a'ifa^is—Carbon 0*33%; nickel 3*5 to,4%; 
chromium 1*5* to 2% ; the mechanical pro¬ 
perties of the bod(’^ of the plates being—JHtimate 
strength 46 ^ons per Itj. ijal; elongation 24% ; reduc- 
tioncof 60%. Medium armour, i.e. below 6 in. 
thick and npt face-hardened, if^given high properties 
throughout liy proper h^t treatment. It is used 
for projective decks and barriers to protect from 
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secondary battery fire. This steel has a composition 
somewhat/ as follows— Carbon 0*30% ; nickel 3‘06% ; 
chromium 1*4.5%, A steel like the latter but with 
lu’gher carbon has also b(ien used ^y the French for 
arrnour-pkjrcing pnijectiles. Some finns have a<lded 
0*25% of tungsten or molybdemira to the composition. 

The qualfty and st-renjjth (jf niekcl-chromium 
st^el has been developed at the Hadfield Works ift a 
remarkable de^^ree, as exemplified in the wonderful 
perfonn€|,uce of the armour piercing projectiles^ up 
to 18 in. calibre, manufactured b^ Messr#. Iladfields. 
These are cajiarble of penetrating th^ thickest armour 
afloat, a test which is pifibably the most severe to 
wliich steel (^an be subjeiitcd. In the continuous 
contest betv^een armtnir and projectile, the victory 
has rested now with one side^, now with*the otlffer. 
It may be said that at least for a ])eriod modern 
hard faced armour was capable of resisting the 
penetration of projectiles under the practical con¬ 
ditions of long rftnge engagements. This is past 
unless ^me further d envelopment of ariiffour is brought 
abouti To-day the pijpjectiles developed by* the 
Hadfield Company are capable of passing undamaged 
through t/he strongest paval defences, in<^luding the 
very severe test of impacts at cotsiderable angles of 
obliquity^ During the war the capacity of output* 
of large armour piercing projectiles (12 in. calibre and 
upwards) at the Hadfield Works ^was n^tfy one 
thousand per week, so tliat theren was liew any 
danger*of the British ^Flee^ running short ^ 
ammunition tlis type. 

Fig. 32 sho\^ three Hadfield 15 in. c£dib|fc piojec- 
tiles winch have acttally j)erforated thi(;Jt hal'd-faced 
armour of the latest type and been^iovered practi¬ 
cally \mdamaged after completing fhis diffigult task. 
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It is interesting to notor that although armour- 
piercing projectiles arc essentially perforating tools, 
nickel is always employed in their composition, 



Fia. 32.<^jW)uv w Hadpusli) 16-in. Pbojkotilbs aptbe 
• PeNETBATINQ HARUrPAOED Abuoub Ifi.IN. T*icik. 


wher^ it is, not used, in fact is detrimental, in tool 
steel. 

Steels with 

mium Ijave recently • been developed on* the 


percentllges of nickel and chro- 
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Continent on accc^unt of tluir rust-resisting properties. 
Particular of l-wb of the alloys are given in Table 
XII. 

TABLE XII 

NlCKftL-CHROMlUM IIUST-UKSISTING SteELS 

• _ _____ 


Analysis—Carbon, % . . 

. , 0-1-0*3 

01-0-3 

jy, —Nickel. % . . 

„ —Chrom*.im, % . 

1-3 

6-9 • 

10-15 

20-23 

Structure. 

. Martegsitic 

Austenitic 

Elastic limit, tons/sq. in. . 

39 • 

26 

Max. strength, tons/sq. in. 

61 

49 

Elongation, % 1 . . . 

• 

16 

60 


The martensitic alloy is seK-hardeifing but, by 
heating to 880®-750® C. and cooling slowly, it can be, 
made workable. The austenitic alloy is treated by 
heating to 1100°-1200° C. and cooling quickly. It 
is non-magnetic. The alloys ane resistant to the 
corrosive action of th^ atmosphere, sea water, gold 
10%-nitric acid, boiling ^0%-nitric acid, alternate 
wet and dry teats, and of hot gases. The austenitic 
alloy, which is the more resistani of the two, has 
been employed fo^ valve spindles. The martensitic 
alloy has Seen used for tuibine blades. 






CHAPTER X 


CHROMIUM-VANADIUM STEEL 

0 

Vanadium requires the presence of another element 
in steel to bring out its intensifying .action to the 
f iiUest extent. A combination generally used for this 
purpose is chromium-vanadium slec^ The addition 
of vanadium to steel is considered in Chapter VIII, 
and the hot worJ^Jng of clmjmium-vanafiium steel 
presents ifb sj^cial difficulties. Vanadium forms 
complex carbides with chromium' which greatly 
strengthen the st eel, and alsii has a beneficial effect 
on the properties of the steel in the ^quenched and 
tempered^condition. 

MechanieafWoperties of Chromiam-Vanadinm Steel 

The physical properties of chromium-vanadium steel 
are like those of nickel-chromium steels except that 
the reduction of area is slightlj- greater (Fig. 33). 
It is more easily macliinableothan nickel-ctjiromium 
steel, and is generally free |rom surface defects. 

A typical chromium-vanadium steel contains— 
Carbon fl-3 to 0*4%; cly*omium * 1*0 to 1'6% ; 
vanadium O'lB t(?0*25%. Meclianical properties of 
st^ls with high and low carbon content are shown 
in TaMe*XIII. 

Chrdmium-vflpadium steels offer resistance to 
diminHiion in {ensile strength and elastic limit on 
tempering up to 460® C| or more. The^may be 
treated to give a tensib strength o( 100 tons per 
sq. <n.,«combined with 8% elongation and 15 to 
18% reduction of area -r-a mteful set of properties 
needed to mfet* some of the requirements of modem 
engineeiing practice. 
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Fia, 33 .—Mechanical pROPEimEs or Cheomiv’m-Vanadium 
• Steel. 

(0-30% C.; l%Cr.; 0-20% V.; oil-hwdened.) 

TABLE XIII 

Mbchanicai^ Tropebties op Chromi&m-vanadium 

^TEELS 


Carbon content, % . • • 0*4 i 0*25 

Steel quenched at, . . . 870° C., oil water 

Tempered at .... 650° C. 6ii(i° C. 

Elastic limit, tons/sq. in. . ' 45 t *60 

Max. strength, tons/sq. in.. ^ 62 • «64 

ElongafKon, ^0 24 

Reduction of §rea/i% . . *67 ^ 70 

Fatigue range, tons/sq. in.. d: 30 " -- 


• Iforeasea rapidly with temporing tqpqSiraturo, and may 
be llSft^-lb. or more if the steel be tempered at IBO® C. 
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The fafigue of ano^lior chroniium-vjinadium 
steel having,'a te?isilc str(‘n^li of OStofis was tons, 

so tliat it may ‘)e eonsideiiid approximately equal 
to the maxjimm^streij',dh. 

Various expert,^ have Cfirefiilly studied 4lie claims 
made that “ st eels cont.iining vanacliuirf as a wai¬ 
st ituent ar< stronger tJian tliose free from that ele- 
melit, that, they are sounder and more liomogeneoys 
and that they Jiave a higher fatigue St rengt h.” As 
regards fatigue strength, the claim has begp tested 
directly an(i w'as fiot found to be substantiated. 
Moreover, any increase in strength 4’esulting from 
the addition of vanadium is not commensurate with 
the cost of the element. Dr. Aitchison has pointed 
out that tests made on a pair of chromium steel 
forgings v^h and witliout vanadium were found 
to give practically the same results, though the steel 
used in the former, owing to the addition of vanadium, 
was naturally much more expensive. 

Uses of ChAmium-Vanadiiixii Steel. Clirqmium- 
vanadium steel is used for driving axles and ^ther 
forgings for locomotives, and for automobile springs 
and axles Vhich are found |o withstand repeated 
klterations of strc^ in the ndighbourhood of the 
Elastic limit without taking a permanent set. The 
|3teel has tilso been applied to the* manufacture of 
t6rpedd*t«bes, compressed air flasks, gun forgflxgs, 
and thcwlike. 



CHAPTER XI 


HIGH-SPBJED TOOL-STE^L* 

Developmeft^. The rapid development of cutting- 
steels in the Je d fifty yeai's, as compared with the 
preceding centuries, lies in the fact that the uian^i- 
faefturing iiidu;?*J 5 ies of the civilized world demanded 
a means of securing largely inci*cased productij^m 
without a%3onimcnsurale incr(;cse#n cost. This was 
obtained by speeding up the indi'^idual* machines, 
and for this purpose the tool steel ^lust meet the 
following reqaiirement - - 

(1) The tool must be»harder tlian the material cut 
and resistant to wear and severe service. 

(2) It must not soften when subjected to the heat 
developed by friction. 

Ordinary carbon tool-steel contains as an average 
1% of carbon, pre^^ent as iron carbide (FejO) held 
in solid solution due to th(^ rapid cooling of the steel. 
It is, however, in a niet£stabl<} condition and softening 
commences at a temperattire of about 200“ C. (coiTe- 
sponding to light cut and feed at slow spaed). On 
the other hand, higli-sptJOd steel shows only a small 
decrease in hardness when raised to a dull red heat, 
and retails its cutting edge at temperatur|s^which 
would^ at once deslroy the cutting ability o| lunple 
tool-steel. It has produced a revolution in tnachine 
shop work throughomt the worl^. 

Hie developmex^ of high-speed steel, as shown 
Table XlVf started about 1868 wften Robert 

* The treatment of theihiBtorioal development of tool et^l 
adopted in this chapter closely follows thedii^uaid down in 
Mr. I). M. Giltinan’s paper in the TraMoctiona 8/ tha Amariean 
Sodatypr 8taal TraaUng, September, 1921, 71t< 
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niGll-SPEKl) TOOI,-8TEEL I ii5 

Mushet, of discovered Ihe value of mangan¬ 

ese in thetnaimfa^jlure of B(*sscmer steel. In experi¬ 
menting on the value of manganese on tool-ste<d 
he found that one composition of manganese hardened 
when coolj^d in air. Analysis sliowed that a con¬ 
siderable piKiport-ion of tungsten was present in 
addition. THis steel was given tlie trade name 
“air-hardening steel.” It ^was soon afterwar;^s 
found that cooling from 1000” to 1100” C. in an air 
blast gave belt (*r result s for tools. An impoiiant stj'j) 
in the furflier improvement of lhis»ste(‘l w'as taken by 
the lat-e Mr. Marsel White, liead of <>he chemical and 
testing laborat-ories of the BethlehemJ^teel Company, 
who found that a gi'»At increase? in cutting powers 
resulted froiii* lieating^^uch spcjcial steel tools to a 
very high temperat uref between 1200° C. and 1400° 
0., when about to hardeti th^m. Like others, in 
his vai'ious experiments he had noticed the great* 
difficulties in the manufa'ctui’c and dressing of Mushet 
tool steel. These experinjents also led to the dis¬ 
covery that/, by replacing the manganese 4»y chromiunu 
greatly^ Veducing the carbon, and increasiTig ^.the 
tungsten contents, superior tf>ol steely was obtained 
w\pch could readily b(! forged to shape. Mr .‘Frederick 
Taylor was originally Cliiof Engineer of the Midvale 
Company, and when he joined the Bethlehem 
Company he bect^me assdldated with the.cjninent 
American metallurgist Mr. Maunsel White., it was 
Mr. Taylor who also gave gr6at atte/!tion to*machine 
shop mo^Lods, resulting in a gi^at increase in theii 
efficiency. 

Modem high'-speed st/eel may be said to have been 
introduced at the P^s Exposition in ^ofto. *The 
tools there shown did not ftise their ttin^per or tough¬ 
ness at red heat, the temperature of the chip| formed 
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being about 300° C. Further work showed the 
advantage of higher chrdinium and tungsten and 
placed the carbon content between 0-6 and 0-8%. It 
was found that the maximum cfflcioncy was obtained 
with a chromium coni ent of 3 to 4% and about 18% 
of tungsten. Molybdenum was also tried, rb the place 
of tungsten, and was found to yield • a very good 
hi^h'Speed steel wliich* did not require as high a 
hardening temperature, 1% of mq/ybdenum behig 
about equivalent in effect to 2% of tungsten. It 
lias not, however, Replaced tungsten for tlifs purpose, 
as in some‘’case^, it was found rather uncertain, and 
to deteriorate after repeated heating for dressing 
and treatment. As now used, molybdenum is more 
an auxiliary than a major coastituent^ About 1906 
to 1908, vanadium was added/o high-speed toohsteel, 
and althoughiexpensive it was found that the increase 
in cutting efficiency compensated for the add[|tional 
cost. Its action in increasing the durability or life 
of the tool when working at higji temperatures has 
not been explained fully. With a content of 2% 
van^ium it was found possible to deerdf^ the 
tungsten content somewhaY. In later years, cobalt 
has been ^dde(i to liigh-speed steel with some succ^s, 
but it has not com^ into gendiral use. 6% of cobalt is 
claimed to impart greater durability and more uniform 
performance. It may liave an advantage for certain 
heavs^ughing-cuts and for machining hard rgickel- 
chromiuxa steel «in the lathe owing to its ability to 
hold ah edge. It must be remembered that^hemical 
an^ysis alone does*not*yield ^ good high-speed 
steel. Unless the raw iliaterial is pliysically sound, 
the ihelthi^carried out skilfuUj, and the steel forged 
with care &nd.«heat-tr6aled eorrectly, the highest 
performance Sf the too}8 will not be obtained* The 
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steel must be fiH^e from seams, internal cracks and 
fibre, and both^ the I()np:itii(linal and transverse 
fracture should show a smooth uniform structure. 

Manufacture of High-Speed Steffls. The manu¬ 
facture ofTiigh-speed steels involves no dilTerent pro¬ 
cesses from fhosc by whicli higb-grade cutting-steels 
have been made for many years i>ast, although 
refinements and* improvements are made from time 
to time. The steels are most ly made in t he crucible, 
although ^Iw (ilectric furnace is {gaining ground duo 
to its ability ^ refine low-grade •naterial and to 
re-melt tool-steel scrap rapidly in fail; quantities. In 
the crucible t>i^)cess, r»efinit.c amounts of high-speed 
steel scrap, Aow-carbon bar iron, ferro-chromium, 
ferro-vanadium and tmigsten powder or ^rro-tung- 
sten are packed in crucibles and sealedf the tungsten 
being pn top on account of its greater density. Each 
pot contains about/ 100 db. of steel, and a number 
are put into a fumiyce at ont* time, melted, and mixed 
by pouring into a ladle preparatory^ to casting. 
Sometj^es the pots are teemed directly into a ii\puld 
by hand-pouring (see cover illust ratioi^on this book). 
Oying to a tendency t o pipe, t/he top of •the ingot 
mould may be kept dot. Whon the metal has 
solidified, the nioulds nro stripped and the ingots 
cooled very slowlyi e.g. iif ashes. High-sppqji steel 
shows a coarse grain and dark colour and c^^ rule, 
strong columnar structure, 'with tJie cryiltal axes 
normal ^ the cooling surface^ diiis strucEure. ig 
not so pronouneq^ if thfe^ canting temperature is 
low, and it i^ subsequently destroyed by heating 
and working. The ijjjgots are annealed* w remove 
casting strains and then heftted for roBiij^*or hammer¬ 
ing into bars which are re-annealed for machining. 
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For forging, the siccl is heated very slowly to a 
temperature of 1000“ to 1^00° 0., pid wotfk is dis¬ 
continued when the steel begins to stiffen under 
the hammer. About 88% reduction should be made 
in ingots about ^in. square. The forging eliminates 
ingot Ifet ructure and breaks up and dissepiinates the 
carbides uniformly. t 



Microscopic examination shows that annealed 
high-sp^od steel consists ot a matripc of solid solution 
t)f iroii jtnd tungsten with globules of carbidfts or 
tungst^d^ of irjn and chromium or a combination 
of .both. Quenching from orefinary temperatures 
(800®~950‘’OJ produces,do app%^ciable change in 
structure, dn heating to 1260®-1308® C., however, 
the carbides are brought int^ solution, the steel 
becoming flnejy tnartensiti^ in structure, and the full 
cutting powers are developed (Fig. 34). Chromium 
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and tungslen are known lower the carbon content 
of pearliic, thus*accounbins tor an excess of free 
carbides in liigh-speed steel, and together with 
manganese they prevent the seporatkvi of cementite. 
The transfcjrmation range is lowered Ixdow »oom 
tomperaturc*8o that an austenitic structure results 
in spite of relatively slow coojiiig. 



'^Temperature at whichiaU Hardness wp taken, X. 

Fio. 36. —COMPABWON BBTWJiJflN ReD-HARDNESS Ot* CaRBON 
Steel and or Hicw-spebd T(]pL Steel. 

The property of red-hardness exhibited by high¬ 
speed steels may be? defined as resistance to sSf^yiing 
by teApering (Fig. 36). It increosen slightly with 
the quenching tempejsfitiire. Ee^l-haniness is Aie to 
the conveftion of the austeijitic |]Rructurc to marten¬ 
sitic on heating, ft may he suppose# that the 
carbides not only go into solution very ^lilggidhly 
on heating but separaih sl^gishly o|^ reheating, so 
that the tool is able to run for a long tiin^at red-heat, 
The of secondary hardening is a f#hctioz] 

11-(5410) 
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of the carbon and chromii^n content, and probably 
to a lesser degree of the other alloying ^elements, 
Tlie temperature range in which secondary hardening 
may be obtain^d[ is a comparatively wide one—about 
100 ®^. 

Heat-Treatment of ^h-Speed Steel. The heat- 
treatment of high-speed steel is a most important 
branch of the cutting tool indastcy for the good 
qifalities wliich a tool might have posses^d can be 
destroyed to a ^eater or less degree by faulty 
heat-treatment. * 

When high-speed steel is cooled from 930® 0. 
there is a halt or rest point at about 700° C. to 
F60° C., but on cooling from 1250° Cl. there is no 
irrest pointy Above 1200° C., the chromium and 
;ungsten have a great^er affinity for carbon t^han iron 
las, and a double carbide of these metals is formed 
vhich persists on slow cooling. 

Taylor and Wliite cooled tHe tools quickly to 
jelow 850° C., and used a lead bath at 565°“G20° (a 
: op a tempering or low temperature treatment. 

The procedure in heat-treating tool-steel usually 
idopted at the present time is as follows— 

The steel is preheated slo\^ly up to 820°-900° Q. 
md uniformity of heating is obtained by protecting 
hin sections. Atmospheric oxidation is avoided as 
far as ifossible.^ The steel is then brought up to the 
high quenching temperature quickly as possible, 
the atmosphere il^ the furnace being 'controlled 
:;arefully t* avoid oxidizing cuiditions. The best 
bardening tempemture is 1300°-1320° C. 

The steel is then quqfjichcd in a bath of molten 
salts or oil. ' Ogling in a dry air blast is not so com¬ 
mon njw, as oxygen from the air may fo^ a. scide 
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of oxide.^ A suitable sa^'t bath for the quenching 
operation consislJfe of o. mixture of calcium chloride, 
sodium chloride and potassium ferro-cyanide in 
proportions depending on the requited temperature. 
If an oil bath is used, linseed oil or cotton se«d oil 
are suitable.. The latter part- of the cooling on 
quenching may be slow \^hen tempering is not 
refuired, but the hardened tool is usually tempeiftd 
to remove quenching strains and bring out the red¬ 
hardness 4o the full. An oil bath may be used ^or 
this purpose. Milling cutters and similrflf toojp are 
drawn to a degi4fb depending on the material they are 
intended to icut. TJm* highest secondary hardness 
(Brinell ball l^rdness oj fllO) is developed by heating 
to between 5.50 and 00^° C. It has been suggested 
that sharp changes in magnetic,properties constitute 
a test which may be valuable for determining whether 
a tool lias been correctly tempered. When high-spee^ 
steel is heated above 650° C., a transformation to the 
pearlitic condition ensues. The steel ca^ be annealed 
or soft^ei^ed by heating to about 800° C. and cooling 
in the furnace or in lime»or ashes. The ^ain 8iay 
be refined by hq^ting to 950° C. and ccfolintj^ in air. 

* Testing Tool-Steels. Some tool-steels will and 
some will'not scratch glas%, but the hardness when 
cold (ball and sclerdscope numbers, also die t^i^idoes 
not' Be*em to be the determining factor of UGi^fulness, 
and has no connection with machine shop pifictice. 

No tesf of high-speed st^l se^fbs to take the place 
of a trial at aetuai work, ft has beeif found that 
greater durability of tools is obtained by ^temAing 
the critical speed, an!L tlie durability depends on 
Uie m^rial being cut. The maximiftn durability 
of high-speed steel occurs at'higher speed fof 
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carbon tool-steel. Herbert announced that certain 
high-speed tools have two ciitical i^peeds Ibeing less 
durable above, below, and bci wecn these speeds 
(Fig. 30). Thin nay account for some anomalies that 
have <appeared in tesi<B. t 

If, in addition to liighcr speeds, heaVier cuts are 
required, tools jare generally re-designed to provide 
th6 great/cr strength necessary. 



Fjg. 36,—^iLLusTBAftNo Two Oritioal Cutting Spbedb^^of 
High-speud SblBL. • 

Apptioations of High-fipeed Steel, The practical 
resulU 6f high-|peed steel are apparent in the tnanu- 
factuuing establishinents of to-^y. In addition to 
•ohn saving power p«p uni^ of metal cut off,«there is a 
reduction in the cost ofc plant foS* given output, and 
in the general and overhead charges. 

High-spapd steel is ali|3 uied for exhaust valves 
in internal ^sombustion engines and for dies for 
extrudieig hot ikietals.' 
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Possible Substitutes {or Tungsten High-Speed 
Steel. l()»lhG scarcity of timgsien during tho 

war, BiibsUlutes for turigston high-speed steel were 
brought out, for some of wliich rather extravagant 
claims wqjje made, but these subslitutes hav^ not 
met with much application. 

An alloy n*ot included in the above, which can be 
used at liigh cuttJng-speetfs, may be mentioned. 
The material, Stellite, invented by hllwood Haynes, 
*.a hard and fine-grained, and may be heated to a 
bright re^ or orange without softdliing. Jt s approxi¬ 
mate constitution is as follows :• Cobalt (f0% ; 
Molybdenum^ 22% ; chromium ll^ ; iron 3% ; 
manganese 2%. 

The usei*s ftf higli-speed steel are, as a rule, con- 
serv^ative, and some rciy solely on analysis^ Because 
a certain composition has proveS itself gt>od, however, 
it would be a mistake to refuse to try any new steel 
or alloy which may possess merit. In the high-speed 
steel of to-day, carbon is the hardener, the double 
carbide of tungsten and cliromium dRnferring the 
cutting edge. It is posable that cutting tools»will 
be developed, however, which are independent of 
capbon, and whicii are not appreciably softened at 
Reasonably high jbemperatures. Bie realm of alloys 
is immense, and we may say that only the fringe' 
has been investigated. ^Aie possible combinations 
of* the metals are almost infipite in number,*flnd it 
does not appear too much to expect {hat one qp more 
alloys may be discovered whichiposscss the hardness 
and toughness,of cteel’ con^in^ with ^sistance to 
' deterioration of cutting properties^ gt Jiigh 
temperatures. 
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THE THEND OF PROGRESS 

Recefit Developments. Tlie Great Waj; ‘^stimulated 
intense adivity in metallurgical production but 
p^^bably no branch made gitiattjr pi’ogress than the 
making and heat t-reating of special steels, ^ihe 
progress chiefly consisted in improvements of existing 
processes and in dr^tailed and systematic heat treats 
menfvof steels "WTy sensitive to heaf. The new and 
exacting applic^ations which arose, e.g. in aircraft, 
necessitated the production of«stccl possessing special 
properties and of extreme reliability, i)ut it cannot 
be said, sor would it be expected in such times of 
stress, tliat Uny funViamentally new steel was dis- 
/iovered. Probably the chief feat^ure in this direction 
lay in the production of alloy steels whicJi retain their 
strength at Iiigh temperatures—§60° 0. and above— 
and also offa’ resistance to oxidation, erosive action, 
shofk and abrasion. As examples of ap^cations 
in which sucl\^ properties are required, the following 
may be« mentioned—-exhaust valves for internal 
combustion engines, turbinh blades, and apparatus 
in which chemical operations are carried out at higli 
temperatures. Tlie most promising steels are those 
.contaj^g 12 to 13% of tungsten or chromium (the 
carbon being hjfeh) but higli nickel chromium alloys 
have Deen developed for the ^me purpose. The 
increase in the numbe:^ bf electric furnaces during 
the war has been mentioned, and tliere seems little 
douCt t&af where the highest, quality is demanded, 
the electnc*^ |pnaace will \)e the principal source of 
alloy s^ls of the future for some time to come. 
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Importanoe of Research. The advance of civiliza¬ 
tion depends on work of tlie metalhirjdst, and the 
contributions of this country to the science of metal¬ 
lurgy liave been of first-(;lass importance. Professor 
Sauveur, of Harvard JLJuivorsity,*has put it on 
record th^-*“if Ihe contributions of English Jbetal- 
lurgists and* chemists were withdrawn, the entire 
structure of t he iron and * steel industries wo]^ld 
cotlapse.” It us fervently to be hoped that we 
keep in tlu; van of metallurgical discovery, ^nd 
to this eflid intensive rcsearcli tm broad lines is 
necessary. 

Pure science should not be neglected because it 
produces no 'immediat e practical results. The pure 
science of to-ftay ijt the applied science of to-morrow. 
The sole difference beWeen pure and applied science 
is one of degree and not. of facP, and fwfm one funda- 
ment^ly new conception or vi<^w i)oint a great numb^ 
of applications may arise. 

The result of a* fundamental discovery may be 
likened in effect to thg action of a stoi* tlirown into 
the mj^flle of a pond, the^disturbance of which phases 
outwards in ever widening ripples* its influence 
r^ching la]^gei!*and still larger zones. 

^ In the realm of ferrous metallurgy, no better 
illustratiop of the truth of the above can be obtained < 
than that of the, discovery of manganesq,^t^el, in 
1882f by Sir Robert Hadfield. Not only this 
material a curious alloy with subversfVe but dttreniely 
useful .pi^}perties, tfut its dis(^pvery revolutioni^ied 
the whole tr^ndgof mef^ufjgical tlmught. This 
careful and persistent research, resiutin^ in the 
discovery of mangane^ steel, largely laid the founda¬ 
tion of the modem knowfedge of speqjak steels. In 
its firffcher consequent effect the influence, of this 
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ifivetition has also helptni to revolutionize certain 
branches of enfrineerinR. 

Research is also the bed rCK^k of etYlcieikoy. It 
leads to the elimination of waste and to the 
conservation arftf better utilization of steel. 

Th? discovery of new j)roducts and processes 
involves pi-oblenis <»f IJie {rreatest intifcacy, in the 
solution t>f wliicli a inuJt ifude of nielhods hi*c employed 
eacli st‘ckiiii; to iwcal s<une itew iidonnation. ^n 
tln^foIKovirii' page^ thi'O- is ^iven a, bi'i<'f indication 
of sOTiic o) tin* ntu’c I'livinus diivctions^n which 
resenft^h is^pos'^iblc and where jiewJ^nowIedKe may 
be obtaincil. 

Testing of Materials. One <>f tl^o m^st imiwrtant 

strength ckeracterisli< s of a ntatonal, from f Jio point 
of view of tiu-\lesignei^(>f struct iires <u' machines, is the 
tatigue rangK. A1u(*h work still I'omains to b<i done 
in explaining tiie real meaning of fatigue and shock 
tests, and in fleterniining and standardizing the most 
suitable typef of apj)aratus foj effecting such tests. 
Rec^i work has tended to^indicate that th^ j^tigue 
strength of steql is a function—nearly one-lialf—of the 
maximum* tensile strength, but Professor ,F. J«nki|j8’ 
experiments have«fchrown much light on ^’le phe-^ 
nomenon of fati^e and the part played therein by 
the elagt^; limit. Work Has been,done in America, 
by Pwrfqpsor Moore and others, which suggests that 
the fatj^e streftgth of steel can be obtained more 
sapidly than with t^e usual methods, by <i^bserving 
the increase Jn tem^ra^ifre of the s|)ecimen under 
stress reversal. This development may provide a more 
rapid means of carrying out (^tigue j^ests, which if 
found correct^duld be of*considerable advantage. 

In ad^tion to«ii improvement in the more reliable 
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methods of mechanical testing, it is probable that 
different aforms non-destructive tests of finished 
parts will be developed. These tests will indicate 
thQ condition of the parts without destroying them, 
and without assuming tliat tlie material is precisely 
the same indicated by tests made on specimens 
from other portions of the material, 

In this connection a good deal has been done^to 
d^elop methoO^ii of magnetic analysis. Satisfactory 
results have been obtained in testing the hojno- 
geneity ft rails and other articles, but success in 
general, as opQ|||^ed to ]particular, biases tias nst yet 
been reacluKi. It nuiy be mentioned that the 
coercivity is consider^nl t lie best criterion for testing 
mechanical hardness.^•Electrical and magnetic tests 
of welds show considerable promise, at leas| as applied 
to butt welded plates and wRhout dbubt a really 
poor jyeld can be demonstrated. 

Another non-destructive test is the measurement of 
electrical conductivity. Tliis prtiperty has been 
shown to vary with^the mol(H*ular cpnstitution of 
steel, Jifft a good deal of further work seems nec^sary 
before conductivity results can be ^interpreted in 
t^ms of othei* properties. 

Examination by X-Rays. Of recent years X-raySi 
have been applied to thef examination of s^eel and 
havcto proved useful in the detection of ];>loi^holes 
and internal faults.* The method ts limits by the 
thickne^ of steel ^hich can ^e penetrated' by t^e 
rays, and by not J;)eing sA^tiWe to the detection of 
cracks, hair lines, ei<c., but with impiovements in 
apparatus and tech^que further devSoBmeSt in 

* Bee also Industrial AppKcationa of by P. H. 8. 

Kempfbn, uniform with this volume. (Atman, 2^ 6d. net.) 
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this direction may- be anticipated. X-ray photo- 
graplxs do not, however, give an^j infoiniation as 
to the nature of aggregation of constituents. 

A further application of X-i’ay examination Jies 
in the adaptatioA of the methods of Hull and Bragg 
to thfi determination of the (Tystalline i&ucture of 
iron in its allot-ropic modifications, ft has been 
sh^wn by Dr. Westgr^fln that a-iron has a cube 
centred lattice, and y-iron a fac%. centred cuftc 
lattice, while the so-called ^-iron is the same as 
a-iron. Further \iork may be expected *lo throw 
light wi the constit ution and fundaig|intal properties 
of alloy steels. , 

In a recent investigation (1920) by Maurer int-o the 
authenticity of the so-called ^lard^ adamantine form 
of iron foriperly described as ^«iron, new experimental 
results are gi'\^n which show that no such form exists 
q^d tliat its effect with regard to the hardening 
process of st eel must be excluded. This was confirmed 
many years ago by the facts notedtfelative to Hadfleld 
manganese sleel. In saying J^his, it must still be 
admj^ted that none of the new theorie# of the 
hardening of s^eel are completely satisfactory. 

Investigation and Control of Hanuliusture a^^ 
(Treatment. Ther microscope is a valuable research 
in^run^e^t to the metalldrgist. In this connection 
furthexbi^ormation on the constitution and behaariour 
of alloy steels m#y be expected from a more thorough 
investigation ot gr|in size, the examin|.tion of 
constituents at highet n^pLlpiificatipns^and investiga- 
tiohs into the applicability of the ultra^-microscope. 

Pjfom^titc control within n^^w liipits is essential 
in heat trejft^gi alloy stells. There appears to be 
scope for an extended use of hi^ range instruments 
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in measurmp and coiiln)llinj? the temperature in 
furnaces,* casting tcmperat iires, etc.* Progress is 
also being made in the use of fool-proof automatic 
temperature control to a predetermined programme. 

Anothe^ direction in which imprSf’ements in steel 
may be expected lies in a thorough investigation 
of the effectf of dissolved or occluded gases. There 
is^good I'eason to believe th/lt the effects exertedj[)y 
gases are delett'iious in most cases. It is imyxjiiant 
to ascertain not only t/he amount of the occluded gfcses 
but the lorms in wliich Diey ant pr(\sent. The im¬ 
provement in tj^; imignetic (quality of siliconr'steels 
obtained by Dr. Yensen by melting in vacuo has 
been mentioned in Chapiar V, and it appears probable 
that means fidll Ijp ff|ffnd for producing on a larger 
scale steels free front occluded gases, ivhich will 
show highly important properties. TMls is probably 
an insportant subject of research for our young^^ 
metallurgists. 

Colloidal Chemistry in Metallurgy, li^s well known 
that properties and qualities of steel are gi^atly 
influenced by the magnitude of its particles which 
n^ay vary frorft macroscopic size down to*molecular 
magnitudes. The application o# the principles of 
colloid chemistry throws an important light on the« 
constitution of steel and Ithe formation ot different 
stniciures, and may lead to a more thorougl*under¬ 
standing and control of its propei^ies. Th^ struc¬ 
tural components induced by different rates of cooliikg 
carbon steel g^vo the well^o'^ series^Austenite— 
Martensite—Troostite — Sorbite — Pearlitj —^which 
may be considered % digpersoid system. When a 

* Sw also Pwometera and Pyromeiry, \ifr Eswr OrifUthfl, 
uniform with thu volume. (Pitr&an, 28. V. not.) 
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steel has been quenched and no precipitation takes 
place, the size of the particiles in sohdion is«>tho same 
as tliat at the higher temperature. I //// or less. 
Austenite represents the most higlily dispersedoOr 
molecular phase formed on quick cooling. As 
collection of these pi-obably colloidal particles takes 
place to a critic^al dispersion, a inartensttic strucdiu’e 
is Jformed. On heating, the accumulation of these 
small particles takes place into iv asses of a size 
visijide under the ndcroscopo. Tearlitc repr(‘sent8 
the most gmssly dispersed size or a coagulated con¬ 
dition, of ferrite-cementite solution. The inter¬ 
mediate members of the scries are colloid solid 
solutions. It will be seen that if the growing of the 
disperse phase in steel can be prevented-by a suitable 
protective* colloid, a revolution in steel technique 
will be brought about. In this coinection it may be 
ipentioned that flaky and woody structure iniHickel 
steel are obviated by small amounts of alloying ele¬ 
ments which flocculate the troublcfinaking impurities. 

The addition of silicon, titapium or aluminium in 
smay, quantities to molten steel, with apvieW ^ pro¬ 
ducing sound pietal by preventing the evolution of 
gas at the moment of solidifleation, is on^ a par with 
the protective action of certain colloids. ^ 

Another interesting application of the principles 
of. collgi^ chemistry to ‘ the problems of ferrous 
metallvjgy, is the theory of Dr. Newton Friend in 
connectidh withh the complex and difficult subject 
qf ponosion. l^is,^too, was suggested sqjpie time 
ago by Dr. 8. Oiit^m^ii. Put j>ri^fly, the colloid 
theoiy of corrosion is as follows—On coming into 
contact with air and liquid watg*, iron ^lightly oxidizes 
to ferrous hydroxide which^is produced in the colloidal 
conditio;^, and this oxidizes in excess of air to a%ighcr 
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hydroxide, still in colloidal form. Tliis hij?her 
colloidal ITydroxiile now ads catalytically,accelerating? 
the oxidat ion of imii and it self undergoing a reduction 
to lower colloidal hydroxide, only to be oxidized 
again as ^xygen fiDiu the air difniscs towards it. 
When the Colloid flocculates, rust is produced. The 
above theory is found t,t» offer a satisfactory 
ej^lanation for many jdienmnena which cannot »l)c 
explained by tWi[‘ old theories; it also suggests new 
lines of attacking the protediem of iron and sieel 
from oxufat-ion. 

Spectroscopic Analysis. A referem-t* may be nuule 
to the fact that the spect roscope )ias met, with a few 
applications Tn Um* st^cl industry. One of those is 
the spectroscopic determination of consWtiients of 
steel. At, present t,he fnethod is onl^ qualitative, 
but it» forms a ready mep.ns of determining whethor 
certain elements ai*e present, and it is particularly 
useful in the case bf rare elements; it, also fonns a 
check as to whet,her» elusive element^ which have 
been added fo the steel^bath have been comptetely 
eliminat ed during the course of the fumace operation. 
Ifiit is merely required to determine whether certain 
• elements are presents, this meth(W is in some cases 
more rapid than chemical analysis, 

Another applieation is to the investig^ion of 
conditions in the course of blow in the aofl^erter. 
From a spectroscopic examination pf the *c^verter 
flame it<s possible to determine to what degree dlM) 
oxidation an4 elihiinatione of* various^ elements by 
the blast has pioceeded. This enable^ tj^e gpera- 
tor to judge the co^ect^ stage at whjeh to make 
the various additions, or to sto^ tiie blow at a 
predefermined composition bf the Charge. 
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Investigation by (Snematograph. In recent years 
the cinemat^gi'aph lias been appliedeto the^vestiga- 
tion of problems involved in the determination of 
the st/i*ength of steel. As an example, the mechanism 
of breakdown on tensile and other test*pieces has 
been studied and films have been prepafed showing 
the course of these phenom«‘.na, and providing data 
additional to those observed by the naked eye. 
further development of this work \thich may prove 
of considerable use, is tlie application of the ultra¬ 
rapid cinej^iatograph camera, which has been con- 
struchid t(3 takfe photographs at 4he rate of ten 
thousand per sA^cond, and even this speed is not 
the limit of the new method! It is probable that 
this means of investigation rtuiy throw considerable 
light on ttie mechanism of fracture of steel under 
shock or very rapid blo^s. The research made 
p<3ssible by this high speed apparatus, may bring out 
new facts in connection with these little understood 
problems. 

New Applications. Mai^v new applications of 
known alloy steels arc to be expected, for example 
in structiiral work, rails, lo^comotives, boilers, elfc., 
and in the mining industry, where great strength* 
'and resistance to erosion are necessary. As regards 
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locomotives in particular the use of alloy steels has 
been suggested for reciprocating pa4)S, craitks, axles, 
etc., with a view to reducing weight witliout sacri-, 
fleing strength. A Iccoinotive crank axle of HadfloW’s • 
specially heat-tfeated steel which has bceji 6ttod on 
a (ir?at. (Vnt!*al Hail way locomotive i« shown in 
Fig. ."17, particulars bring given of th(? mechanical 
prg])ciiics of ilu’ steel u?e(l <»n page 1,52. 

The use of alloy si eis i^ also fipiding increasfng 
app.Ucati<'n in nuiruu* euginHuiiig, and the use of 
special ste^F is !•> Ik .‘i?itii’ipated in p'Rwer and 
transijiis^ioTJ paiis, ;is well as in t4t>se required to 
resist rust, and.wiiei * ne< ‘ssa’ v, high temperature. 

New Steels. Tlu^ tliirlv ycfti- imtuediately before 
the war wen? projitic in tlw? dftjeovpry <ff alloy steels, 
and it is difficult to imagiurf that there will be as 
great or nu»ftorotis discovrt’it's in an equal period 
(Jatirig from llie present lime. 

hYom time to time tin- invention of a “ super ” 
steel is annoimeed, the propertiei; of which are due 
to the addition of “ rare ” eleipents. flnfortimately, 
thesei properties are hart^Iy ever ei^tabliS^pd or 
confirnio*d, andcit appeal's probable that—apart from 
a fortuitofts discovery—-the invention* of ^ “ supe*” 
steel wdll only arisf aftor much study and investiga-^ 
ition, and an imdbrstanding of the real merits of steel 
made l\yd>he various proefesses. , 

Thef«33{aminaiion of the properties of iron alloyed 
with clenjents is, however, being continued 

viith increasing vigopp, and vafcable resuttis—^from 
both the iifmediate^ pisSbtical and^ the scientific 
pointj of^vtew—are accruing to the world from the 
labours of the metallurg^t. ,The pjactical manu¬ 
facture and fp;^lication of special steels presents 
problem 4 ,of so imuiy variables that it is hardl/likely 
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that they can ever be ^olved with mathematical 
exactness* and ffom a purely scientific point of view 
•our knowledge of alloy steels is far from complete. 
Nefr steels are certainly not exhaii^Jed, and trials 
are contuiially being made of alloys of premise. 
It is to be ^Ijticipated, however, that they will have 
to withstand severe criticism ^and tests before earning 
a i^ace among the recognized steels. 


l*-(54ld) 




Fich 38.—“ Hecla ” 'Hoixow Dkill Steel roK Mines. 
Made by Hadflelds, Ltd., Sheffield. 
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CARBON STERL 

Si^ouiiAR as it may seem, notwiUibtanding fhe 
important part. jJ^aycd by all tlie newer alloys of iron, 
carbon stjjl maini^ains its j>remior jwsitinn in defer- 
mining the practical value of nearly all 4hc various 
ferrous products^ In other words there are few 
iron allpy^ in which, apart from the effect 
produced by the special element added, the presence 
of carbon is unnecessary. Whilst new alloy steels 
are often presented wliich are said owe their 
advantages to one or more special constituents, it 
is quit% overlooked that the improved qualities are 
frequently intimately connected with the carbon 
present. In fact, it* may be said that i^ost of these 
alloy st^ls depend fof their properties on the par¬ 
ticular icombinations of the carbon present, with Tron 
and other special elements. ^ 

Iht these reasons, and to afford a basis of com¬ 
parison with the various special stee\^, the following 
notes omcarbon steel arc included. 

A most important paper, entitled “ The ftiflijence 
of Carffon on Iron,” was presented to tj|e Instipition of 
Civil Engineers in 18%5 by Prof. J. 0. toiold, 
who madp a valuable seri^ ofjlklloys of iron wilh 
carbon from as ii^n base ^f very pAre Swedish 
“ Lancashire ” iron. The series compiiset dight 
specimens rangiilfe fromH-OSito 1*47% garban content. 
The siffn of the silicon, sulphur, phoJl>horus, and 
manganVi^ contents did not amount to mofb, than 
167 
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about.0*26%. The spe<’irnens Ihoreforc represented a 
set of pi^cticall^ pure carbon-iron alloys, that is,- 
there was no other element present t-o mask in any 
way the effect of the carbon. 

Tlfis wojrk of Arnold’s consf/ifiite*d a model of 
correlated research, that^ is the observations we^e not 
confined to* one or two lines of investigation 
on^ materials of unsystomS-tic composition. TJie 
information detcvmined included chemical analysis, 
meclianical, physical and magnetic properties, nnopo- 
structure, thennal change pointsj^the lu^at evolved 
on tempering andrfiardenihg .^t eels, and other informa¬ 
tion. TJie results obtained fiom •these different 
methods of investigation were compared carefully 
before conclilhioni^ w«fo drawn. The analyses of 
the steels used are giv^n in Table XV. 

The results of the teiftsilc tests on these carbf)n 
steels in the normalizefl condition ai'e shown iik 
Table XVI, and the tensile tests on bai's in the 
annealed condition‘are given in Table XVII. The 
latter results are plotted in Fig. 39. The tenacity 
reachci a mifttimum at ^-89% of c^bon, i.e.«the 
eutectic composition. It subsequentty falls owing 
to4he separation of graphite by slow or prolonged 
pooling. The d^uctility is also at ft minimum at the 
above composition. 

The results of .the compression tests«the 
annealed and also the haijd steels are shoftfn in 
Fig. 40. Here again the eutectic |teel is*g!itical, 
possessing the highest compresaion strength of the 
steels in the cginealed condition and fnarking the 
point at which molecular flow ceases in tl^ ]{^ar<]^ned 
steels. These breaks ia t^e mechanica} properties 
at 0*6i% of carbon are reflected in fnkro-structure, 
also in* the thermal and ma|^etic Curves. # In the 
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microscopic examiniation of the hardened steels, 
attention is drawn to the* practicayy homogeneous 
nature of the saturated or eutectic steel. 



0 0-25 ChSO 0-:^ VO *;-25 ^5® 

• Carbon, per cent 


. Fio. 39.— ^Tbnsile Strength and Elongation of 
Annealed Carbon Stiibl. 

{J. 0. AmM, Proe. Init.C.S., 1896.) 

«In the physical tes|}s it is shown that the •volution 
of heat at th|^ carbonVh%tfg6 point increases approx- 
imat^y Jinjarly with the carbon content up to 
0*89% carbi^n steel, aboy^wl^ch thereat evolution 
again decreasas.* 

In ii^estigating the magnetic properties of 
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hardened oarb:)n steels, Arnold showed tljat the 
magnetic permeability of these steels^ varied inversely 
as* the percentage of carbon present, also that the 
permanent hiagnetism was dircct-ly proportiopal 
to the carbidbfif of iron present. The curv€. of 
permanent, magnetism increased linear^^ up to a 
composition of 0*89% of carbon, remaining constant 
when the carbon was increased above this amount. 
Tli*e sharp break at the above percentage is identical 
with tliat observed in the thermal and several of 
the mechanical cijrves, and corresponds ^with the 
microscopi(f' sati^ation point. Attention is further 
drawn to tlie sijitability of tliis 0*89% carbon steel 
for cutting tools which must be tough enoughSo with¬ 
stand a certain shock, as for texample cn cold setts. 
If tools contain a higher percentage of carbon than 
the above, tkey are liable r to crack owing to the 
lines of weakness formed by the surplus ciu'bide 
present. 

It may be mentioned that coriject heat treatment 
of carbon ste?l makes proportionately quite as great 
a di^erence in the meclianical qu^lities,tin fadt much 
more so than i<j usually knoVn. For many pmposes 
the use the more expensive alloy steel canj>e 
avoided if adequatf care and skill are devoted to the 
,simpler and less* expensive material. 

TT. Simidu, of the Tohoku Imperial University, 
has that the electric resistance of carbon 

steels increases vith carbon percentage from 6*14% 
to l*5(fyo, and‘that the thenhal conductivity of 
carl^n steely varies «in ^ihe san^ manner as the 
electric conductivity. * 

0ari[)ozf sihels are used for a large ^^ety of small 
tools, but, ifo^nontioned cSiapter XI, the% have 
been lately superseded in cutting tools by high 
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Rpeod. steels. Carbon steel containing? 1% has been 
ifeod for pens, byt it is prdbablo that it will be super¬ 
seded in this application^ by steel of the rustles 
vayety. In Austria carbon steel ^has been used 
sati^actorily for bridge work, compcjfeng with nickel 
steel in this connection. 

An impoi-i!hnt application of carbon steel is in the 
manufacture of mining drills. • In drill steel the carbon 
is tisually about ^-8%, but decreases somewhat with 
.-^mailer section. If the carbon steel is larefylly 
made an«f correctly heat-treated| excellent results 
are obtained, wl]^h so fhr have n«t bee^i exceeded 
by the addiijon of special alloying i^lemerits to the 
steel. fh e stresses on^ drill are of a rather complex 
nature, but pPobal^y tj^ most important is a repeated 
compression combined* with a certain %moimt of 
bending and torsion ; under these sevefe conditions, 
carboi^ steel has hitherto proved the best, evey 
against the hardest and toughest rocks. 
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(2) Alloys of iron with sibcon, aluminium, chro¬ 

mium, »*ickel, tungsten, , copper, cobalt, 
molybdenum, and other elements. 

(3) Sound steel. 

(4) Mechanical tests. 

(5) Hardness and hardeninj,. 

(6) Electrical and magnetic properties. 

p) Production of magn^?tic alloys from. non¬ 
magnetic materials. 

(8) Corrosion of iron and steel., 

(9) Effect «f low tcmperatiyes ujwn iron, steel, 

and alloy steels. 

(10) " Metallography. 

(11) Pyrometers. 

(12) X-ray exam^ation of iton, steel, and other 

materials. 

(1^) Early history of crucible steel. 

(14) Ancient iron and steel. 
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(18) Progress of metallurgy. 
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(1) MANGANESE STEEL 
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TiUe. i Where read or published, j Yegr. 
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1904 

1905 


19ft 

1914 

1914 

1014 


1920 

• « 

1921 


JoUit paper otheM* 
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HANGARESE STE!EIr-(Contd.) 


No. ' Title. Where read or puLlinhed. Tear. 

■— ' r 

129 I Onthclnfliie/iceofliow PhyHical Laboratory of the 1921 
I T(!mpcratiL'*.'!8 on the University of Leiden ' 
Matnietlc Properties 
t of Alloys of Iron with 
' Nickel and ManKanose* 



* Volnt palter with othera. 
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10ft 


(2) ALLOTS OF IRON AND STEEL 
(Other thanttanganese) 


. 

4 

5 

6 


Title. 


7%| 

76 


Where read or jmbVn^hed. Year. 


Iron and Steel Institute 
Itntisli As-Joeiati(in 
Iron and Steel Institute 


Ir()n*aiui Steel Instil ute 


Alloys flf iron and Silienn 
Alloys oW ron and Sllleon 
Alloys oftjron and Alu¬ 
minium 

Alloys of Iron and Chro¬ 
mium I 

Iron Alloj^i, wWi special Amerh'an Institute of Min- 
referenet* to Malikaiiese ing Engineers 
Steel 

Steel #kid Iron Alloys Institutionit Chii Engineers 
Alloys of Iron & Nickel Jnstituticn of Ci vil E^ineers 
Alloys of Irow Man- ^Institution of#’i\il Engineern 
gancse and Nickel % 

All(#’soflmint: Tungsten Iron and SteePliistitute 
Iron and Steel Alloys> Iron and St.eel Metallurgist 
ineludhig i and Metalloyraphist 

Iron amPcohalt ,* 

Iron and Csipiier ^ j 
Iron and Titanium [ 

Iron and Molybdenum • 

Iron ami Vanadium L 

Alloys of Iron (Re- f ijtoynl Dublin Society 

searches on tiie l*hy- j 
slcal Properties of an 
Extensive Serietj)* 

On the Properties of a 
Series of Iron-Niekal- 
Manganoie-Carhon Al- 
•ploys.* (sevontn Re- :« 
jKirt of the Alloys Re- • 

search Coi^ltL^o) i , ,, ... , 

ThoChomhialandMecli- Itstitiitlon of Meclrnmcal 
anlcal Relations of ? Englneera 
Iron, Cobalt, ahd Car- ' ^ 

Alloys of Iron; and Mo- Institution of Mt^chanlcal 


1 Institution of Alechanlcal 
Engineers • 


lybdonum 


Engineers 


1889 

1889 

1890 

1892 

# 

1893 


1897 

1899 

1903 

1903 

1904 


1004, 

1905 


1915 


Joint paper with others.* 
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(3) SOUND STEEL 


Xo. Title. Where read or puhlirhrd. , Fear. 

- e _ 

41 Exp6fleiicqp#urlaS6Br6- llerue de Mitallurgie lWIO 

gation duRfl lea LIuroIm 

d’Acier * 

61 ♦The Production of Sound Iron Age • 1912 

Steel • 

53 On a New Method of Re- Iron and Steel Institute 1912 

vealluK Sogregntlon ill 

c Steel Ingots « 

54 Method of Producing Iron and St#d Institute 1912 

Sound Ingote 

5f Plant for Producing American Inetituto of Min- 1913 

Sound Steel KngineerH ♦ 

56 M6thod.e i)Our produlre Recue de Mitallurgie 1913 

• dea Lingots d'Acler % 

Saina ct J)6c61er la / 

Segregation dans les « 

Lingots d’Aeier • 

57 Nouvelle M6thod<! pour Revue de Mitallurgie 1913 

I)6c^ler la S6gr6gation ', « 

dans les Lingots d'Acie , 

63 Sound Ingots American Institute of Min- 1914 

♦ Mng Engineers 

67 Sound Steel Ingots and American Instltiito of Min- 1915 

- Ralls* lug Engineers • 

68 Bound Steel for Rails Pranklin Institute 1915 

and Structural Pur- 

iwses # 

72 Sound Steed Ingots and Iron and Steel Institute 1916 • 

Ralls* * * 

73 Sound Steel for Rails Franklin JfnstituJp * 1915 

•' and Structural Pur- t • 

poses. (Second Com¬ 
munication) 

e 


Joint pnper irltn otM. 
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17V 


(4) BIECHAinCAL TESTS 


A'o. 

Till* 

Whprr read or imblisheil. 

^ m 

Year. 

Ui4| 

Ji:i 

1 mi met. T<'Hts on Steel 
* liriuoll aihl Seraleli Testa 
for 

Steel Treat inn ttttseareli Chib 
institution of^Mochanicnl 
Ennineurs 

1917 

1910 

liJ7 

Shoek Tents and Their 
Standardization* 

i 

1 

Institution of Civil Engineers 

1020 




1 _ 


i>ai«'r n>fii othcii 


(5) H^NEKS AND HARDEMINa 


No. 

Title. 

9 

> Where read or publuhed. 

Year. 

• 

40 

A Hesearch on the Hard- ] 

Institution of Mechanical 

1910 


ening of (’arbon and j 
Low Tungsten Tool 

Engineers 



Steels* • 

t 


66 

Adelruss a^Jhairn^n at 
•(discussion on * The 

Faraday Society 

1914 

• 


Hard ening of Metals "* 

• 


90 

Contributiou,to Discus- 

Institution of Mechanical 

1816 

• 

sion Hardness Tests 1 
Hesearch Coniinittee i 
Rejiort , 1 

Spontaneous Oeiieration 

^ •Engineers • 


04 

Iloyal SocietjV 

1917 


of Heat in lleiie.ntly 




Hardened Steijl* 



103 

Further Exiieriments on 
the Spontaneous (len- 
• eration of Heat in Be* 

Faraday Society ^ 

1918 


eently Hardened itoel* 



105 

Cout||bution on Hard¬ 

Institutj|>n of Mechanical 

laift 


ness 

# Engineers 


113 

Brinell and S«rat(fi Tests 

Inii.itution of Miclianical 

1919 


for Steel* 

Enghicers 


127 

Shock Tests and Their 

Institution of Civil Mglaeeri 

•1920 


Standardi»tlon* ^ 

* 




Joint paper with othenf 


13-(54fb) 
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(6) ELECTRICAL AND MAGNETIC PROPERTIES 


Wo. 

Title. 

Where rend or puldinhed. | 

Year. 

21 

On tin* Eliwtrical (!on* 

Royal Dublin Society | 

1 

o 


dnctivity''an(l Mafi* 
notlc Permeability of 




' Iron* 


1902 

22 

Heaearohos on the Klee- 

Institution of Filcctrical 


trkal . Conductivity 

Engineers 



and Magnetic Prti- 
pertiCH of upwards of 




One Hundred Differ- 



B3 

ent Alloys of Iron* 

On the Magnetic Pro- 

Royal Dublin Society 

1902 

1 

pertios of am Kxten- 
sivo Series of Alloys 




of Iron* 


1906 

32 

On tlie Magnetic Qnali- 

Royal Society 


ties of Some Alloys 
nut Containing Iron* 

•1910 


39 

The Magnetic Properties 

Institution of Electrical 


of Iron and Its Alloys 
in Intense Fields* 

Engineers 

1912 

49 

'I’lie Magnetic Properties 
of Alloys. (Contrlbu- 

Faraday Society 





tion ki tlie Inter¬ 
national Discussion) 

,, 

1914 

60 

Research witli Regard 

American Institute of Min¬ 


to the Non-Magnctic 
and Magnetic Condi¬ 

ing Engineers 



tions of Manganese 
Steel* 


1914 

64 

c 

The Magnetic and Mech¬ 
anical Pror)ertie8 of 

Iron and Steel Tnstitutii 

» 


Manganese Steel* 


1916 

02 

The Corrosion and Elec- 

Royal Society 


Vtical Proiwrties'of 
Steels* 


191? 

99 

A Contributloii to the 
Study of the Magnetic 
Properties of Man- 
ranese. and of Some 
Special Manganese 
' -StoeU* , 

TKe Magnefdc Mechan- 

Royal Society 



r 

1 



126 

Royal Society 

i 

1920 


*■ leal Analysis of Man¬ 


• 

ganese Steel* c 


1021 

128 

On the Influence oiLow< 

Royal Society 


Tenij^ratures on tm 
Magnetic Properties 



t 

1 of Alloys of Iron with 




Nickel and Manganese^ 

l 0 ^ 



_ 

. • _ 



JdlQf paper with othen. 
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(7) PI^DUCnON OF MAGNETIC ALLOYS FROM NON-MAGNETIC 

metals 


No. 

_• 

nue. I 

1 

' Where read or 2MlMi<he.d. I 

• 1 

Year. 

2S 

"Magnetic Alloys from 

liritish Association 

1004 


Non-S\|ignetlc Metals 


i 

29 

Productim of Magnetic 
Alloys from Non-Mag- 

Vheniiral Neivx 

1904 


netic Mctuls 


(8) CORROSION 0 ? IRON AND STEEL 


No. 


77 


133 

136 


TiUe. 

Prcaiffcnt, 
entltlod ** Corrosion 
of 8*«eel Alloys,” at 
DiaciU 5 .»lon on ‘‘Cor¬ 
rosion of Metals *’ 

The Influence of Carbon 
ai\ji Manganese ii|>on 
the Corrosion of Iron 
aAd Steel* 

IJlie Corrosion and Elec¬ 
trical Properties of 

• Steels* 

Corrosion of Fersous 
• Melftls 

Corrosion of IroiLaud 
Steel • • 


Where read or puktuhed. 


Afaraday Society 


Iron and Sif el Institute 


^ Royal Society 

Institution of tivil 
Engin<wir8 
, Et^l Skciety 


Year. 

,4015 

I • 

1010 

;!,1916 

1022 

• • 

: 1022 


I 


• Joint naoer witli others/ 
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(9) THE EFFECT OF LOW TEUPERATUBES UPON qiON. 
STEEL, AND ALLOT STEELS 


9 

'No. 

t Title. 

m 9 1 

Wliere read or pvbli^hed. j 

IVrtr. 

0 

30 

On the KffJtct of Liquid 
, Air T(‘mporaturcs on 
the Mechanical and 
Other Proi)crtic8 of 

' Koyal Society 1 

1904 

34 

Iron and its Alloys* j 
Exi»criinent8 llelating to 

Iron and Steel Institute 

' 1905 


tlic EtTect on Meehan- 

1 

1 ' 


ical ami Other Pro- 
})ertie8 of Iron and its 
^ Ailoys J‘rod»'(*e(l by 
Liquid Air !R:*ini)era- 
tiir^j ■: 

35 ' Effet de la Temn^rature Conttrftn rjit<>rnationaI des 1905 
dc i’Alr llquliie sur les Mines, de la M6tallurgle, 
Proprifit^^s ni^midques de la M6<‘ani(jue et ite ia 
et autrcs du Per et de (i6olojzie A|>pliQu6es. , 
ses AlliaROH (Section de V6tallurgle) 

12ft On the Influence of Low Iloyal Soilety 1921 

TqjnjMiratures on the 
Ma^ntltic Properties 
of Alloys of Iron with • 

Nickel and Manganese*, i 

f 129 On the Influence of Low ' Physical Tiahoratory of tne 1921 
Temperatures on the University of Leiden ' 
Magnetic ProiMjrtIcs of, 

Alloys of Iron with i 
N leke^ and Manganese* 



* Joint paper with others. 
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(10) METALLOORAFHT 



llflJ Addrrus as ProsidJ'ut at i 
: • (Tan(*ral Discussion on I 
1 “ TlK»Mlmis<'oi»c ” I 

117 I Photoiui<iroKrn|)li8 of , 
I Steel ant( Iron Sect ions j 
I at Hiph Aliipni(icution*| 
119 I The (Ireul Works of ; 
Sorhy ' 


Where read or imNixhed. 

_ • 

Faraday Soclel.'^, 

Farada\ Society 

Faraflay Society 


Teaf^ 

1020 

•l9£0 

19£() 




* .TWnt jl^Msr with others. 



pyrometers 


100 


Address as Chairman at 
Discussion on Mr. 
Chas. R. Darlinp's 
Pt^)e^, “ Recent Pro¬ 
gress In Pyromfttry ” 
AAdress at General Dis- 
^cussion on " Pyro¬ 
meters and Pyjo- 


Where read or publuhid. 

• • 


Ifcoyal Socleli^ of Arts 


Faraday Society 


^•1917 


Ymr. 
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(12) Z-BAT EXAMINATION OF IRON, STEEL. AND OTHER 
MATERIALS , 


5Vo. 


109 


f 

in 


112 


I TUk. 


Whan read or jmhliithed. 


Farailay Society and 
llontRcn Society^* 

« 

Faraday Society 


Atldroas as^*reaident at 
General DiscusHiou on 
tlio Kxaininntion of 
Materials i)y X-ltays 
I'csting the Absorption 
Power of Different 
Steels under X-Eays* 

X*Eay Examination as Faraday Scilety* 
Applied to the Metal¬ 
lurgy of SteeW 

lladiographic I#tamina- . Faraday Society 
tlort»of Carbon Elec- | 
trodes Usch in Elec- 
trie Steci-uiaking Fur- / 
naces* 


Ffor. 

J_ 


I 1919 

i j 

1919 
I 1919 


I 


* Joint i)ai>er*with others. 


(18) EARW minORT'^QF CRUCIBLE STEEL 


No. 

,, TUU. 1 

‘ Where rfod or published. 

year. 

lo] 

12 

» • 

^H^tsman. |he Inventor 
. of CrucioV) Bteel 

The Early History of 
Cfudble Steel s 

« * • 

American Institute of Min¬ 
ing Engineers 

Iron aftd Steel Institute 

i 

1803 

1804 
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(14) ANCIMT IRON AND STEEL* 


No. 

* Titlf. 

Whfre rend or puhlvhed. 

Ff<y. 


SiuliuUw! Iron and Steel ] Koval Sorlety ’ 1 

1011 

of Ancient OrlKin 

Iron and Steel institute 


4f) 

SliihalQ^e Iron ami Steel 

1911 

46 

of Aimient Orii;dn 
Ahatracl^roin Pa]ier on 
" Sinlialeso Iron and 

Nature 

' 1912 


Steel of Ancient Origin" 



V 

Alwtraet from Paper on 

Koyal Society 

1J12 


" SinlwrfoHc koii and 


Steei 0 ? Anflent Or¬ 
igin," with Addendum 
regarding Delhi Pillar 

• 


48 

Analysis of the Iron Pil- 

Engineer inf 

1912 


lar, made almt a.d. 

t 



300 at Deihi*^ 

• 




(V) 

FUEL 


No. 

TiUe. • 

Where read or published. 

rear? 


• 

• 


101 

Pi^ldcntkll Addiiiss 

1 Society of British Gas In- 

1918 


• 

> diistrics ' 


114 

Report on Fuel Economy 

Iron and SteeWnstitute 

1910 


and Consumption in 



• 

the Manufacture of 
Iron and Steel* 

Iron and i^egl Institute 


• 116 

Fuel Control in Metal- 

1910 

120 

lurgical Furnaces* 
Adaress as Chairman at 

Royal Society of Arts 

1020 ‘ 


Mr. H. M. Thornton’s 
• Lecture on " Gas in 

' 



. Relation to Industrial 
Production ’’ 




• 

i 

1 

1 

* Joint paper with otbem. 
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(16) ADDRESSES-PRESIDENTIAL 


Title. 


I 


01 

102 


Presiiiuntiul 




i 

Where read or published. , Year. 


Presl(l«!ntial Adrirow 
rrcHldimtial AddrenH 


Presidential Address: 

(•* Advances in the 
M(!taUiirBy of Iron 
and Steel ’’) , 

Presidential Addiyiss 
* 

IV'csldential Adllrc'ss to 
Society of Bfitish (las 
Industries 

presidential Address 


Sheflield Society of Metal* 
lurBists and EiiBineers 
Iron and Hte(>l Insti^ite 
Iron and Steel Institute: 

,1 oint MeetinKwitli A nierl- 
(‘an Institute of Mining 
Engineers 
Faraday Societj 


lOOf) 

1000 


lOU 


Society of Brilisli (las In- , 1918 

4ustries I 

y? I 1918 

' a I 

Hritisfi Commercial (las I 19J!0 

Astyx'intion « I 



APPENDIX II 17^ 

(17) ADDRESSES OTHER THAN PRESIDEnIiAL 

JSu. * Titik. I Where read or publinhed. Year. 

I I * 

• 

19 ' Address as Master Ciitlrr' Shettield Press 1899 

• * tio the Cut lers’ Co. •, 

2(1 ' .Address and Ihstribii- Shetlield Pres^ 1899 

tioifof Prizes to Stu¬ 
dents at Teelmieal 
Dept.* of Shetlield 
' Cnlversit..\ C-olleKe 

3fi “James Forrest” Lee- Insfitutlon of Ci\il KuKineers' 1900 

• ' tiire on ” Ciisolved # 

Probhflis it Aletul- 
lurRy ” 

38 A(idrjws to Students nt. Iron Aye i *907 

I OoiTunbia University, 

' New York ^ ' 


43 Address at. Wieffield Sheilleld Pr#s • 1911 

University on the Con- \ , 

trniqnt of Honorary 
Denree of Doctor ftf 

• I MetailufKV • 

59 I The. Progress tof triu American Institute of ! 1914 

I Metallurgy of Iron Mining Engineers i 

I and Steel , • j 

69 ! History of the Metnl- f Institution of Aiechanioal i 1916 
I lurgyof IronandSteelii Engineers 1 

71 j Address as Chairman jvf. Royal Society of Arts I 1914 
I Discussion on Mr. j i 

I CliuH. R. Darling’s i ; 

I Pajusr, “ Rccei^- Pro- ! 

I gress in Pyrometrv ” | j 

71 Address as Chairmairat Faraday Society * ,1915 

TliscusHiin on •’ The 

• Transformations o f 
Iron ” 

77 Address ns Pwisidcnt, en- 

• titlet " Corrosion of 
Steel A11o,vh " at Dis¬ 
cussion on “ Corrosion 
of Metals ” 

80 Address as Chairman 

at Disetission on 

• “ Methods and Appll- 
ances for the Attain- 

^^ent of High Tem- 
poratlircs in*the 
. L^rntory” 

81 Address as Chairman at 

Dr. Roseifhaiin I^ec- 
ture on " The Making 
of a Big (Inn “ 

83 AAdress as #hairnian 
^Annual Bamiuet of 
London Association of 
"Foremen Engineers 
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(17) ADDRES&ES-OTHER THAR FBESmEHTIAL Wtd.) 


« 

• * 

Title. 1 Where read or ^puUifhed. 

Tear. 

84 

Address a^ Chairman of i Board of Education | 

Kerrous SfifitioTi of , ! 

Special Coinmittcc of , 

- Advisory Council 

Addn'ss as Chairman at Faraday Society 

Disrrussion on " Ro 

fractories" | 

1916 

• 

• 

87 

1916 

05 

f 

Address us Cliairman at Faraday Society i 

Discussion on “ The 

Training and Work of 
the Engineering Chera-, 
ist" f 

1917 

f 

104 

Address as Chairifan at Faraday Society 

General Discussion on ' 

•" The Co-orAinatlon 
of Scientific.Publica¬ 
tion " 

1918 

1U6 

Address as Chairman at Faraddy Society 

General Discussion on | 

“ The OccliLsIon of 

Gasci by Metals " 

1918 

« 

i 

107 

Address a&Chairinan at Royal Aeronautical Society 
General Bagnall Wild's 

1 1918 


JiOcture on Aircraft 
Htotsltt " 

Addn^H an Chairman at 
General PiacuHHion on 
“ Electric Weldlni? ” 
Address ay. President at 


_ “ The Examination of 
Materials by X-Rays " 
Address as President at 
Gcimral Discussion on 
• " Tne Microscope ’’ ' 
The Work of tliCfFara- 
day Society, and 
Michael Faraday 
Address as Chairman at 
KrJiH. M. Thornton's 
t ^/ecture on " Gas in 
Ration tt> InduB- 
txiM Produoilon " 
Address as Chairman at 
General Discussioifon 
“ Basic flags " * 

Address on the Work of 
f the NRrogen Products 
Committee 

Address At lb. M. 8. 
Birkett^sfLlbtute on 
*' The Iron and Steel. 
Tildes Durlftg War " 


Royal Society of Arts 


Faraday Society and 
ROnUgen Society 


Faraday Sochdy 


Faifid^y So(!lcty 1920 

^yal Society of Arts , 1020 


I Faraday Society 
l*Faraday S^et^ 


BoyalfStatisticdr Society • 1920 
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(17) Aft>RESSEfr-OTHER THAN PBESIDEiniAIr-(o<»td.) 


• 

No. 

* Tft/e. Where read or puUi'ihed. 

Year. 

• 

1^5 

Address us (Jhairman af. Faraday Soelt‘ty * 

1920 

• 

General Diseussion on 
" Hhysies and Clicm- 
istrr of Colloids and 
'riunj Hearing on In¬ 
dustrial Questions *’ 

1921 

130 

Address of Thanks on Iiyititution of Civil Engineersi 
the occasion of the 

t 

Awail of t.he John 1 

l''rlt7rMed* 

# 

131 

Addn'ss at Engineering Institution o£ Civil Kngincer* 
C#nfereneo as Cliair- 
man of Section IV, ' 

“Mining a^ Metal* 

Inrgy ” ^ • 

Tljo Work and Position “Sheflieid Asso<’iation of 

•of tlie Metallurgieal ; Metallurgists and Metal- 

Chcmlst lurgical Chemists 

1921 • 

132 

1921 

134 

Mctalluny of Iron t»nd Pitman’s I’echnieal Primer 

1922 


Steel 1 Series 



m 

1 


No. 

-A- 

42 

50 


(18) FRO&RESS OF METALLUBOT 

TiUe. Where reader published. 


Lea Progr6a de la MCtaA 
lurgie 

TIio World’s Progress In 
.'Metallurgy 


Le Ginie^Civil 
Iron Age • 


Teur. 


191#, 

lOlg’ 



1?2 


KPE(;iAL STEELS 


(19) SOME OF THE CONTRIBUTIONS TO DISCUSSIONS 


No, 

Title. 

Where read or published. 

Year. 

61 

Contribution ty Dwcus- 

American Institute of Min- 

191.1 


sion on iMV,i W. S. 
Potter’iii Paper on 
tjt* Mannane,se Steel" 

ing Engineers 



70 

ContrlbiiMon to Discus- 

Institution of Meehiniral 

1915 


slon on Dr. J, A. 

Engineers 



Arnold’s Paper, “ The 
Cliemieal a'nd Meclian- 
ieal Kehitions of Iron, 
Cobalt, and Carbon " 




' 7r» 

Contribution to the 

Royal Stxietj of Arts 

1015 


Dlseiission of Dr. 
Dugald Clerk’s *• Ad¬ 
dress, ^Engliijtj and 





fiennan Methods Con¬ 
trasted ” * 






78 

Contribution to the Dis¬ 
cussion on Dr. J. A. 
Plenilng’s Paper, “Th(! 
OrgaiUeation of Hclen- 
tlilc R."aejirrh ” 
Contribution, “ Britain’s 

Royal Hoelel.y of Aria ‘ 

1918 


‘ 

79 

Daily Telegraph (London) 

1916 


Part in the Trade War 
—'Selentiflc E(!Hearch " 




Contribution to Discus¬ 

Society of Engineers 

1916 


sion on “ The Mineral 
Resources of the 
British Emjilre ” 



96 

Contribution to Discus¬ 

Instituticn of Mechanical 

1917 


sion on Sir Wm. 

Engineers 


^Bcardmore and Mr. 
H. H. Ashdown’s 
Pai)orB on “ Beat 


•1 




‘ Treatment of Steel 
Forgings " 


Institution of Civil Engineers 


p 97 

Contribution to Discus¬ 

1917 

( 

sion on Mr. f Edgar 
Crammond's Leeture, 

" Foreign Trade in 
Rfialion to the In- 

« 


9 

viotment of Capital 

Abr&d •* i 

e * 





\ 

\ 

• 

• 


> .■.. 
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(20) EDUCATION 


No. 

• f 

Title. 

► - - • - 1 

Where read or publiyheA. 

IVrtr. 

• 


Suggestions with Regard 

Hoard of Sclealilie Societies 

1016 

• 

to the Co-ordination 
and Organisation of 
Sclfliitillc and Te<‘h- 
nicai* Soci('tic*s 



05 

Address as Ciiairman at 
Discussion on “ Tlie 
Train!rig and Work of 
tile ENgine^ing Ciieiii- 
1st ” 

• 

• • 

( 

Faraday Society 

• 

t 

• 

• 

1017 




(21) GENERAL 


No. 


Title.. 


'Notes on the ChlcAB# 
Exhibition 

The Uro(lii(;tion of Iron 
by a New Proc«‘H» • 
Foreign Tpchuiral Pro¬ 
gress 

IHio Influence of Casting 
• Temperature upon 
Steel 

The Worltl’s Production 
^ of Pig Iron 
5 plemarks to S(j Ray 
Lankwter regarding 
•The N eglect of 
Science • • 

The Training of Cap¬ 
tains of Industry 
Science a^ Trade 
Reply to The New ftoe 
» Inaustilal Symposium 
» Question , 


! Where reod or publiHhed, 

Iron and Stqj}! Institute ^ 

|l Iron and Steel Insti|uto 
Iron andiSteel Institute 
Institution of Civil Engineers] 

• • 

. •• 


The Timex 

• § 

Report ofaCommltte% on 
"''Jjhe Neglect of ScieiKic ’’ 

• • • 

Iron and Coal Traiex Beview 

Daily Telegraph ^lAoi^ 


I The New A^e ^ • 


Year. 


1895 

1897? 


1912 

1916 

!•* 

1916 ' 

1916 

1916 




.APPENDIX III 

UST OP SyjipOSIA OP THK PARADAY SOCIETY* 


pf) lfH)7-t91-l 
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